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Resumen

En este trabajo reportamos la medicion del tiempo de vida del barién Ag uti-
lizando el decaimiento exclusivo A) — J/¢ A°. El tiempo de vida del mesén
BY se mide a su vez en el canal topolégicamente similar B® — J/4 Kg, el
cual verifica nuestro procedimiento de medicién, y permite una determi-
nacién directa del cociente del tiempo de vida del Ag y el BY. Los datos
utilizados en este andlisis fueron grabados por el detector D@ durante la
segunda corrida del colisionador Tevatron en el Fermilab, del 2002 al 2011, y
corresponde a una luminosidad integrada de 10.4 fb~! de colisiones protén-
antiprotén a una energia de centro de masa de /s = 1.96 TeV. De aqui
obtenemos 7(AY) = 1.303 +£0.075 (stat.) £0.035 (syst.) ps, 7(B%) = 1.508 +
0.025 (stat.) & 0.043 (syst.) ps y 7(A)/7(B%) = 0.864 & 0.052 (stat.) £
0.033 (syst.). Estas mediciones mejoran y reemplazan los resultados pre-
vios de la Colaboracién D@ que emplean los mismos canales de decaimiento.
Nuestra medicion del cociente de tiempos de vida concuerda de forma exce-
lente con las predicciones tedricas y es compatible con el promedio mundial
actual, aunque difiere de la medicién més reciente de la Colaboraciéon CDF

en méas de 2 desviaciones estandares.
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Abstract

In this work we report a measurement of the Ag baryon lifetime using the
exclusive decay Ag — J/¢ A°. The B° meson lifetime is also measured in
the topologically similar channel B — J/¢ K93, which provides a cross-
check of the measurement procedure, and allows a direct determination of
the ratio of the Ag and the BY lifetimes. The data used in this analysis were
collected with the D@ detector during the complete Run II of the Fermilab
Tevatron Collider, from 2002 to 2011, and correspond to an integrated lumi-
nosity of 10.4 fb~! of proton-antiproton collisions at a center of mass energy
Vs = 1.96 TeV. We obtain 7(AY) = 1.303 £ 0.075 (stat.) £ 0.035 (syst.) ps,
7(B%) = 1.508 £ 0.025 (stat.) £0.043 (syst.) ps and 7(AY)/7(BY) = 0.864 +
0.052 (stat.)40.033 (syst.). These measurements supersede previous results
of the DO Collaboration using the same decay channels. Our measurement
of the lifetime ratio is in excellent agreement with theoretical predictions
and compatible with the current world-average, but differs with the latest

measurement of the CDF Collaboration in more than 2 standard deviations.
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Chapter 1

Introduction

Until recently, the only particle collider capable of producing weakly-decaying b
baryons was the Fermilab Tevatron Collider. The fractions of the different hadron
species are believed to be the same in unbiased samples of high momentum b jets origi-
nating from Z decays and pp collisions at the Tevatron (although early Tevatron results
discouraged this assumption). The world average production fraction of b baryons is
f(b — baryon) = 0.083 £ 0.020 [1] and is a mixture of A, Z;", ), O, , etc.

Even for the lightest and most copiously produced b baryon, the Ay(udb), only a
few decay channels and properties have been studied. With the full datasets of the
D@ and CDF experiments at Fermilab and the excellent performance of the Large
Hadron Collider (LHC) and the experiments at CERN, it is now possible to study
more precisely important effects on b baryons, such as lifetimes, polarization, CP and
T violation. In particular, the uncertainties on Ag branching fractions are on the order
of ~(30-60)% [1]. We recently measured the production fraction f(b — AY) multiplied
by the branching fraction of the decay Ag — J/¢ A° [2, 3]. This measurement is useful
to study b — s decays such as Ag — pTp~AY which are forbidden at tree level in the
Standard Model [4].

The Ag ought to have spin 1/2 and positive intrinsic parity, J© = 1/2%, however
neither of these quantum numbers have actually been measured. The mass of the
AY baryon is measured to be m(AY) = (5620.2 £ 1.6) MeV/c? and the current world
average lifetime is 7(AJ) = (1.425 & 0.032) ps [1].
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Figure 1.1: Top: Feynman diagram of the weak decay Ay — J/¢ A°. Bottom: more
realistic representation of the decay A — J/1 A°.

Lifetime measurements of particles containing b quarks provide important tests of
the significance of strong interactions between the constituent partons in the weak decay
of b hadrons. We take as example the decay Ag — J /1 A°, shown in Fig. 1.1, where the
simple description of the weak decay is complicated by the action of the strong inter-
actions. These interactions produce measurable differences between b hadron lifetimes
that the heavy quark expansion (HQE) [5] predicts with good accuracy through the
calculation of lifetime ratios. While the agreement of the ratios between experimental
measurements and HQE is excellent for B mesons [6], there are remaining discrepancies
between experimental results and theoretical predictions for b baryons.

Recently, the CDF Collaboration [7] used the exclusive decay AY — J/¢p A° to
report the single most precise determination of the Ag lifetime which is more than
2 standard deviations higher than the world average [1] and slightly above the B life-
time. The CDF measurement of the lifetime ratio, 7(AY)/7(B°), is higher than the
HQE calculation including O(1/mj) effects, 0.88 £ 0.05 [8, 9]. On the other hand, the-

oretical predictions are in agreement with measurements by the D@ Collaboration in
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Figure 1.2: Measurements of the A} lifetime.

the J/1A° [10] and semileptonic [11] channels, by the CDF Collaboration in the A7~
final state [12], by the DELPHI, OPAL and ALEPH Collaborations in semileptonic
decays [13, 14, 15], and previous measurements also in semileptonic channels by the
CDF Collaboration [16]. The experimental status is summarized in Fig. 1.2. More
measurements of the A) lifetime and of the ratio 7(A})/7(B°) are required to resolve
this discrepancy.

This work is our contribution to the pool of existing measurements. At the time of
writing this thesis, only two physics analyses use the complete D@ dataset, and this is
one of them. Also, for over 10 years only two experiments have been able to measure

the Ag lifetime and we are proud to belong to one of them.'

!The LHCD experiment reported a preliminary result of the A) lifetime in a public conference note
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[LHCb-CONF-2011-001, March 24, 2011], 7(A) = 405.6 & 32.37 (stat.) + 10.5 (syst.) um. To date,

LHCb result has not been submitted to a refereed journal nor updated.



Chapter 2

Theoretical and experimental

techniques

In the following sections we develop the theoretical framework to predict b hadron
lifetimes. We start with a short introduction of the Standard Model of elementary
particles. We define a general strategy to calculate exclusive decay rates and study some
of the approximate symmetries of the heavy quarks in the context of the heavy quark
effective theory. Then, these tools are used to exemplify the heavy quark expansion of
the AY decay width and to show the best predictions of the lifetime ratio 7(AJ)/7(BY).

Finally, we provide a general overview of the methods used to measure the Ag lifetime.

2.1 Standard Model and the CKM matrix

The Standard Model (SM) of elementary particles is the unification of the elec-
troweak (EW) interactions, described by the symmetry group SU(2) x U(1), and Quan-
tum Chromodynamics (QCD) described by the gauge symmetry SU(3). The gauge
structure of these SM interactions has been verified comprehensively by many different
experiments during the last three decades. The building blocks and interactions of
the SM are summarized in Fig. 2.1. Leptons and quarks, which are spin 1/2 fermions

arranged in three generations of similar physical properties, form all the known visible
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matter.! On the other hand, gluons, W=, Z°, photon and Higgs are (gauge) bosons
that mediate the strong, weak and electromagnetic interactions.

Quarks carry color charge, and the gluons mediate the strong interactions between
color charged particles. A consequence of the QCD theory is that quarks are strongly
bound or “confined” in color-neutral composite particles (hadrons) containing quark-
antiquark pairs (mesons) or three quarks (baryons).

In the SM the mass of the quarks, flavor violation and CP violation arise from
Yukawa interactions with the Higgs field. The Yukawa couplings are simply chosen to
contrive the observed masses. On the other hand, the strength of flavor-changing weak
decays are parametrized by the entries of the Cabibbo-Kobayashi-Maskawa (CKM)

matrix (Vogar) in the charged-current J% . to W boson field:

g
Loc = —ﬁJgCWJ +h.c., (2.1)
where
er, dL
Jbhe = Ve, 0p, vr) Y™ | i | + (@r. o, i) YVerm | so | - (2.2)
TL br,

Only left-handed fermion fields participate in the weak interaction. At low energies,

this interaction can be seen as local four-fermion couplings of the form
Lo = —2V2GpJbcdlc (2.3)

where G = 1.16637(1) x 107° GeV~2 is the Fermi constant.

By construction, the CKM matrix is unitary and leads to CP violation if like-charged
quarks all have distinct masses. The same construction also leads to the Glashow-
Iliopoulus-Maiani effect: there are no flavor-changing neutral currents at the tree level
in the SM. These properties are presented in a schematic form in Fig. 2.2, where interac-
tions between members of the same generation are strong, and the interactions between
generations are weaker and possible only (at tree level) through charged currents (W=*

decays, between up and down type quarks). The CKM matrix for the known three

¢

!We use the term “visible” matter to distinguish between ordinary matter (known quarks and

leptons) and other exotic forms such as dark matter or dark energy.
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Figure 2.1: The Standard Model of elementary particles and interactions [17].
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Weak
down-type:(d ’

Figure 2.2: Pictorial representation of the strength of flavor-changing weak decays [18].

generations, usually written

Vud Vus Vub
Vekvr = | Vea Ves Vo | (2.4)
Vie Vis Vi

has only three real (CP conserving) and one imaginary (CP violating) parameters. The
unitarity of the CKM matrix relates the elements of the matrix. The orthogonality of

columns leads to interesting constraints, for instance,
VusVaip + Ves Vo + VisVig, = 0, (2.5)

defining a triangle in the complex plane, where the lengths of the sides are ViV,

[VesVi|, and |VisVii|, and their respective opposing angles are §, = arg [— Ves 5’],

VisVig
ag = arg |— 22V | and ~, = arg |~ Y22Yur | A measurement of B is important since is
s & |7 Vs, s STV, s P

expected to be on the order of one degree, and any large deviation from zero would be
a clear sign of new physics. Recently, the Cinvestav group on the D@ experiment has
worked on a measurement of this angle through the study of the temporal-angular dis-
tribution of B? — J/1¢ decays [19]. The bottom line is that separate and even redun-
dant measurements of lengths (through decay and mixing rates) and angles (through
CP asymmetries) are needed to test the validity of the CKM mechanism. The feasibil-
ity of these studies is, however, hindered by quark confinement in hadrons and, hence,
hadronic matrix elements must be evaluated to compare model parameters (v.g. CKM

matrix) to experimental measurements.



2.2 Decay rates and effective Hamiltonians

To deal with hadronic matrix elements (strong interactions), depending on the case,
theoreticians have developed several approaches and tools such as perfect symmetries (C
or CP conservation), approximate symmetries (isospin, flavor SU(3), chiral or heavy
quark symmetries), lattice QCD (LQCD), perturbative QCD (PQCD) for exclusive
processes, QCD sum rules (QCDSR), and many other models of QCD (quark models,

factorization, etc.).

2.2 Decay rates and effective Hamiltonians

The decay rate or decay width' of a b hadron Hj, with momentum P into some final
state f of n particles is calculated using the Fermi’s Golden Rule:

n

71.4
F(Hb—>f)—5f2(;(i)>/54 Zk)L//lka HzﬂszE 7 (2.6)

where E;(k;)* = k? +m?, m; is the mass of particle i, .#;(P;k;) is the invariant ampli-
tude of the decay, and Sy is a combinatorial factor to account for identical configurations
in the final state f.

The confinement of quarks and gluons occur on a length scale Rpqq ~ 1/Agep ~
1 fm, which determines the size of hadrons. The parameter Agcp (= 200 — 400 MeV)
is a fundamental quantity in QCD that sets the scale for the running coupling constant.
For energies lower than Agcp, the strong coupling constant is large and a perturbative
development of the physical quantities is impossible. On the other hand, when two
quarks are very close (< 1/Agcp), the coupling constant is small (asymptotic freedom),
and a perturbative approach is feasible. The asymptotic freedom allows us to write the

decay amplitude as an operator product expansion (OPE),

_ 4GFngKM woswim [i+o (H8)]. e

w

where p is a renormalization scale, my the mass of the b quark, my the mass of the W

boson, and ch‘ s are products of the corresponding CKM elements (for example, Vi Vi

1

in Ag — J/¢ A® decays). Physics from distances shorter than p~! is encompassed in

!The decay rate or width is the probability per unit time that the particle will decay.
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the Wilson coefficients C; (dependence on the top mass, My, etc.), that are universal
since do not depend on the final state f. On the other hand, the hadronic matrix
elements (f|O;(u)|B) account for phenomena occurring at distances longer than p~*
(e.g. dependence on Agcp), and are usually evaluated using non-perturbative methods
such as LQCD or QCDSR. Therefore, at a scale of order m; and up to corrections of
order m?/M3,, we can write an effective Hamiltonian, where C;’s can be viewed as

effective coupling constants and O;’s as the corresponding vertices:

4G

Rl

> VexuCiOj +he. (2.8)
J

C; constants can be calculated perturbatively to include hard QCD effects. A list of

Oj operators in the SM and extensions of the SM as well as numerical values of Cj},

including their renormalization group evolution, can be found in Refs. [20, 21, 22] (and

references therein).

2.3 Heavy quark symmetry

Once the short-distance physics has been separated from the long-distance physics,
the latter can be simplified taking advantage of approximate symmetries, which imply
non-trivial relations between observables. A heavy quark is by definition a quark with
a mass much larger than Agcp (mg > Agcep): in the SM wu, d, s are light quarks,
whereas ¢, b and t are heavy quarks. For heavy quarks, the theory allows a perturbative
description of the strong interactions and their description is almost trivial. On the
other hand, systems with a heavy quark and other light quarks are more complicated.
Fortunately, the typical momenta exchanged between heavy and light quarks is of the
order Agcp, that is not enough to resolve the quantum numbers of the heavy quark,
such as flavor (mass) and spin orientation of the heavy quark [23]. Therefore, light
quarks only experience the heavy quark color field, and in the rest frame of the heavy
quark, the spin interaction decouples (vanish in the limit m¢g — 00). Also, as mg — o0,
the heavy quark and the hadron have the same velocity (0 in the rest frame), and in
this limit the solution of the field equations of QCD and the configuration of the light

constituents are independent of mg.
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To sum up, in the limit mg — oo, hadrons which differ only in the flavor or
spin of the heavy quark have the same configuration of the light degrees of freedom.
This provides relations between the properties of hadrons containing heavy quarks, for
example, Ag and A} baryons, plus corrections due to finite heavy quark masses. These
relations are encoded in a SU(2Ny) spin-flavor symmetry group (N, the number of
heavy-quarks flavors), called heavy quark symmetry (HQS) under which the effective

strong interactions are invariant.!

2.4 Heavy quark effective theory

It is useful to write a theory where the effects of the heavy quarks become irrele-
vant at low energies (similarly to the Fermi theory, where the effects of the W and Z
are disregarded), where the HQS breaking corrections are developed in a systematic
and consistent way in powers of 1/mg. Short distance effects (hard gluons) can be in-
corporated in this effective theory using renormalization group techniques in the form
of Wilson coefficients (see section 2.2). Such simplified description is provided by the
heavy quark effective theory (HQET), where a heavy quark interacts with light quarks
by the exchange of soft gluons (virtual momenta are small, of the order of Agcp). In
this framework, heavy particle fields are “integrated out”, leaving a non-local effective
action that can be expanded in an OPE in powers of 1/mg.

The are many good reviews of HQET. Here we follow Ref. [23]. Firstly, we observe
that the propagator of a heavy quark can be expanded as follows:

i i 1+
p—mg v-k 2

T (2.9)

where p’é = mqu* + k", v is the quark velocity (very close to the hadron’s velocity)
and k ~ Agecp < mg is the residual momentum. As mg — o0, heavy quark flavor
symmetry emerges. Also, the quark-gluon vertex appears between two propagators of
the form

1+ o

Py=—-. (2.10)

! An analogy of the flavor symmetry is the fact that different isotopes have similar chemistry, since
the wave function of the electrons are almost independent of the heavy nucleus. Similarly, the spin

symmetry resembles the degeneration of the hyperfine levels in atoms.

11
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Spin symmetry emerges from the fact that Pry* P, = v* Py and Pf_ = P, (just one v
matrix in the end). Therefore, it is convenient to write the heavy quark field Q(z) in

terms of velocity dependent fields and factorize mg:
Q = e7"™mQVT b, (2) + Hy(x)], (2.11)

where
hv(m) _ _imou-x
(Hv(x)> ="MV PLQ(x). (2.12)

After some algebra, the QCD Lagrangian for a heavy quark becomes
Lo=Q>i P —mqg)Q = hyiv- Dhy, — Hy(iv - D + 2mg) H, + interaction terms, (2.13)

where DH = " — ig,T, A%, g4 is the strong coupling constant and T, are generators of
the SU(3) group. From this equation h, describes apparently a massless field, whereas
H, “eats” twice the heavy quark mass. The HQET Lagrangian is constructed from
hy, eliminating H, by using the equation of motion of @, (i ) —mg)Q = 0, and then
looking for an effective Lagrangian that recovers the equation of motion for h,:

T T 1 .
Leﬂ' = h,v’l/U . th + hvl ELW’L Eth, (214)

where Di = D* —v*v - D. Each derivative in the second term of Eq. 2.14 produces
powers of k (<« mg). Therefore, we can expand this term in powers of iD/mg and use

the properties of the Py operator to show that:

Legt = hyiv - Dhy + 2;@5@(@' D1)*hy + Cmag(mfanﬂv%GWhv +0(1/mg), (2.15)
where [iD#,iD"] = igsG*” is the gluon field strength tensor and o, = i [yu, V] /2.
Eq. 2.15 is the HQET effective Lagrangian. As expected, we recover HQS in the
limit mg — oo, where only the first term remains. The second term describes the
kinetic energy resulting from the residual motion of the heavy quark, whereas the
third term represents the chromomagnetic coupling of the heavy quark spin to the
gluon field. They violate flavor and spin symmetry, respectively. The coefficient of
the chromomagnetic operator, Cinag (1) = 14 O(a), receives short distance corrections
which are treated perturbatively in powers of the strong coupling constant, while the

kinetic term is protected from quantum corrections by the Lorentz symmetry.
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2.5 Heavy quark expansion and b hadron lifetimes

Finally, in the operators of the EW Lagrangian, the QCD field @ can be replaced
in terms of h, (using the equations of motion for h, and H,, and Eq. 2.11) to develop

a series of higher-dimension operators that describe 1/mg effects.

2.5 Heavy quark expansion and b hadron lifetimes

If the heavy hadron Hj has multiple decay modes (or branches) with different final
states, the total or inclusive decay rate of the particle is obtained summing the decay

rates for all branches,

T(Hy) => T(H, - f). (2.16)
f
The branching ratio for each mode is given by
I'(Hy — f)

BHy, — f) = ———= 2.17

and the inverse of I'(H},) measures the mean lifetime of the Hj, particle!,

1

(2.18)

T(Hyp) = (i)

To calculate the inclusive decay rate we can use the HQET technology developed

in previous sections. This calculation relies on a hypothesis known as quark-hadron
duality: the sum over all possible exclusive final states, which is necessary to determine
the total lifetime, is equal to the sum over all possible final state quarks [24]. This
assumption eliminates bound-state effects related to the individual properties of indi-
vidual hadrons [23]. We use the optical theorem to relate the inclusive decay rate of a
heavy hadron Hp to the imaginary part of the forward matrix element of the transition

operator [9]:

D(Hy) = 5o (Hil T [ @ T{Lea(a), Lan(0)} ) (2.19)

where Lo is the effective AB = 1 Lagrangian in the Fermi theory (Eq. 2.3),

Leg=—-2V2GFVay Y. Vi [Cl(u)Q"f'd'(u) + Ca(p) S'd/(u)] +he,  (2:20)

d'=d,s;u'=u,c

! The lifetime depends on the Lorentz frame in which it is measured. In this work, we always

measure lifetimes in the Hp rest frame.
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and ()1 and ()2 are four-quark operators given by

VA (1) = )y et or, QY (1) = epyuuldp by (2.21)

If we construct an OPE for these operators, the decay rate is given by [20]

rm) = Y W ops=o,)

k 2m'l’)C
Gim} - (bgso"' G ,,,b)
= Co(bb) + Cp—2e7 1wl
19270 | 2
T ) (BT
my,

where (O) = (Hy|O|Hy)/2mp,, ¢; stands for light quarks (u,d,s), and T';, I'; denote spin
and color structures of the four-quark operators. In the limit mg — oo, we recover
the parton decay ((bb) — 1, see Eq. 2.23), where the b quark decays weakly without
feeling the light (spectator) quarks or gluons inside the hadron. The second term in
the last expression of Eq. 2.22 describes the effect of the gluon field on the heavy quark
through the chromomagnetic part of the gluon field. Hence, it depends on the spin of
the heavy quark but not in the flavor of the light quarks. The third term finally gives
an explicit dependence on the light quarks, and so on.

To evaluate the first (leading operator) and second (first correction) terms in Eq. 2.22,
the matrix elements are expanded in powers of 1/my, using HQET techniques (b, fields,
etc.). Then:

.  p2(Hy) — pg,(Hy)

by = 1 22 + O(1/m}), (2.23)
(bgso™ Gub) = 2pg(Hy) + O(1/mp), (2.24)
where
pa(My) = 27:6Hb<Hv(v)!5u(i5)2bv|Hb(v)>, (2.25)
pZ(Hy) = 2n}LHb<Hv(v)]bvg;U”VGva)|Hb(v)>. (2.26)

To evaluate these HQET matrix elements, we use the spectroscopic formula for heavy

hadrons [23]: , )
2mg

myg =mqg+ A+ + ey (2.27)
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2.5 Heavy quark expansion and b hadron lifetimes

where A is a parameter independent of the heavy quark mass and spin. Then, the
splitting between the ground-state pseudoscalar (J = 0) and vector (J = 1) b mesons
is:
3
2

B)=-
1 (B) 4

In the Ag the light quarks have total spin 0, hence ué(/\g) = 0. This is the first

(M%. — M3) ~ 0.36 GeVZ. (2.28)

difference between b mesons and baryons. The value p2(B) has to be calculated in a
non-perturbative framework, still constrained to p2(B) > uZ(B) [20]. On the other
hand, it can be shown that p2(AY) = (0.01 £ 0.03) using A) and A in Eq. 2.27. It is
useful to observe that the first and second matrix elements are equivalent to the Lorentz

U~ 1 — p?/2m?, which decreases (increases) the decay width (lifetime) for a

factor v~
moving particle. In total, the first two terms in Eq. 2.22 account for a shift of ~ 1 —2%
in the ratio of A) and B lifetimes.

Higher order terms are harder to calculate and lead to further differences between
mesons and baryons. The third term in Eq. 2.22 is a special case since it is enhanced by
the phase-space factor 1672, inducing corrections of order 167%(Agep/my)® = O(5 —
10)% [9].

HQE is successful on describing the experimental results: the heavier the mass of
the heavy quark, the smaller the variations in the lifetimes among different hadrons.

Non-perturbative corrections arise at ASQCD / mg’ in mesons, and there are corrections

at A%C p/m3 in baryons. Moreover, from HQE the following hierarchy is expected [23]:

7(AD) < 7(BY) ~ 7(B") < BT. (2.29)
which is also consistent with the experiments.
Evidently, the ratios of lifetimes give more precise estimations, since they allow
several uncertainties and unknown parameters to cancel. For Ag and BY, the theoretical
expression is of the form [9, 24]:

(A9) AN o) L ) AN o)

where A ~ Agep.
Early calculations of 7(A)/7(B) predicted values greater than 0.9. After much

effort, recent calculations that include higher-order effects reduced this ratio to 0.88 +
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0.05 [8, 9]. In contrast to B mesons, NLO QCD corrections and reliable (lattice) values
of the A matrix elements are not yet available. Recently, the CDF Collaboration
measured 7(A))/7(B%) = 1.012 & 0.031. Clearly, convergence between theory and
experiment has not yet been reached. Even between experiments there is disagreement.

More accurate predictions and more precise measurements are needed verify OPE,
HQET and HQE assumptions.

2.6 Lifetime measurement overview

For unstable particles, the relationship between the total scattering cross section o

and the energy F usually appears as a resonance described by a Breit-Wigner function:

(r/2)?
T(ER ) + (T2

o(E) = (2.31)

The energy FEg = Myc? corresponds to the maximum of the cross section oy and I is
the decay width (resonance width). Therefore, the lifetime of a hadron can be inferred
from the inclusive decay width of its resonance.

Let us assume an unstable particle R that decays to two stable or metastable par-
ticles a and b in pp collisions. We call My the mass and 7 the lifetime of particle R.
We look for events that contain particles a and b, i.e., we search for processes such as
p+p—a+b+ X, where X is one or several particles. In a fraction of these events,
the particle R is produced and decays to a and b, i.e., the reaction goes through an
intermediate state containing R, p+p — R+ X — a+ b+ X. Then, the mass of the
system a + b,

Mgy, = \/(Ea + Eb)2 - (ﬁa +ﬁb)27 (2'32)

is expected to have a Breit-Wigner distribution centered at Mp with width 'y, = 1/75.
On the other hand, if there is not such intermediate state, M, can take any value
allowed by relativistic conservation laws. A schematic view of the Mg, distribution
is showed in Fig. 2.3, where the Breit-Wigner peak lies on the smooth non-resonant
background.

In general, the peak is overshadowed by non-resonant backgrounds and it is the

(hard) task of people working on these analyses to extract the signal peak. In addition
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dN/aM.,

Mab

Figure 2.3: Schematic mass distribution of a resonant process.

to these “physics” backgrounds, people have to deal with combinatorial backgrounds
arising from multiple primary interactions (pile-up), fake reconstructed particles due
to combinatorics produced by the track finding algorithm, and incorrect association
of final state particles due to the lack of dedicated particle identification detectors.
Unfortunately, the limiting factor to extract a lifetime is not the amount of background.
First, it is almost impossible to reconstruct all possible decay channels, which are
necessary to extract the real lifetime. Second, the measured width is the convolution of
the natural width and the experimental resolution. The method described here simply
does not work if the latter is much wider than the former, as is the case for Ag baryons
reconstructed in the D@ experiment. Instead, we measure the lifetime directly from
the distribution of the distance traveled by the Ag particles before decaying to some
specific final state, taking advantage of the relativistic boost that allows a measurable
distance in the laboratory, and use the resonance (the width is basically the detector
resolution) to distinguish between signal and background decays.

The D@ experiment can measure the A lifetime in fully reconstructed (non-leptonic)
decays [10] and semi-leptonic decays [11]. The latter approach benefits from the large
statistics (muon trigger); however, it makes extensive use of Monte-Carlo simulations

to correct the reconstructed momentum (due to the missing neutrino) of the A baryon
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and to estimate possible backgrounds.! CDF’s A2—> A} 7™ measurement takes advan-
tage of an impact parameter and displaced-vertex based two-track trigger, which has no
equivalent at D@.% In this work, we measure the Ag lifetime in the fully reconstructed
decay A) — J/¢AY. The strength of the A) — J/1 A® lifetime analysis is that it
almost does not rely on Monte-Carlo simulations and the D@ data is not biased by the

online (trigger) selection.

'Despite the large statistics in semileptonic decays, one ends with a systematic uncertainty that is

twice compared to fully reconstructed decays.
2CDF’s A) — A7~ analysis (1) uses Monte-Carlo simulation to fix the background components

(in form of partially and fully reconstructed b decays), and (2) corrects for the efficiency induced by the
trigger, which is a very involved and uncertain process based on simulations to account for the impact

parameter and vertex displacement of the two tracks, particle identification, A) polarization, etc.
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Chapter 3

Experimental apparatus

This chapter contains a general description of the Tevatron Collider and the acceler-
ator chain, followed by a more detailed description of the D@ detector and subsystems

that are relevant for the measurement of the Ag lifetime.

3.1 The Tevatron Collider

The Tevatron was the world most powerful proton-antiproton collider before it shut
down for good on September 29, 2011 [25] and was the highest energy collider until 2009
when the Large Hadron Collider (LHC) initiated operations. The Tevatron complex is
located at the Fermi National Accelerator Laboratory (Fermilab) just east of Batavia,
Illinois, in the United States. It accelerated beams of protons and antiprotons to
99.999954% of the speed of light around a 6.3 km (3.9 mi) circumference (they circled
the tunnel ~ 47,000 times per second!). Each beam was accelerated to 980 GeV and
they collided at the centers of two 5,000 ton detectors, D@ and CDF. At the moment,
the Tevatron continues to send beams into stationary targets to produce neutrino beams
and parts of it will be reused for future experiments. A schematic view of the Tevatron

is shown in Fig. 3.1.

3.1.1 The Accelerator chain

Before high energy collisions, protons and antiprotons were created and accelerated

through various stages [25] as described below.
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Figure 3.1: Schematic view of the Fermilab Tevatron Collider.

3.1.1.1 Pre-accelerator

To create protons, hydrogen gas was injected into the ion source to produce negative
hydrogen ions (H™). The first stage of acceleration was performed by a Cockcroft-
Walton pre-accelerator that increased the H™ ions energy from 25 to 750 keV using a

positive voltage.

3.1.1.2 Linac

After the pre-acceleration, the H™ beam was sent to a 150 meter (500 feet) long
linear accelerator (linac) that ramped the ions energy up to 400 MeV, about 70% of
the speed of light, by using a 116 MeV Alvarez Drift-Tube accelerator and a 400 MeV
side-coupled linac equipped with 7 radio-frequency (RF) cavities [26]. A focusing-
defocusing quadrupole magnets (FODO) lattice was used to compensate for beam dis-
persion caused by pulsed acceleration. Before moving to the Booster, the ions passed

through a carbon foil that removed the electrons in order to leave just protons.
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3.1 The Tevatron Collider

3.1.1.3 Booster

The Booster was a synchrotron, i.e., a circular accelerator with a lattice of dipole and
quadrupole magnets used to bend and focus the beam. The protons were accelerated
by RF cavities. After approximately 20,000 revolutions, the proton beam was boosted
up to 8 GeV and then transfered into the Main Injector.

3.1.1.4 Main Injector

The Main Injector was a multipurpose synchrotron ring that used RF acceleration.
It was capable to accelerate protons up to 150 GeV for injection into the Tevatron
(nowadays it is only used to send beams to neutrino experiments). In a different mode,
it could create 120 GeV protons for antiproton production, described in section 3.1.1.5.
And, finally, it could handle antiprotons coming from the Recycler (section 3.1.1.6) and
accelerate the resulting beam to 150 GeV to be transfered into the Tevatron.

In the Main Injector, the beam was grouped in 12 (4) bunches of ~ 10! (~ 10'0)
protons (antiprotons) and transfered to the Tevatron in a single revolution. The same

process was repeated until having 36 proton and antiproton bunches in the Tevatron.

3.1.1.5 Antiproton source

Proton bunches at 120 GeV were steered from the Main Injector to a fixed Ni target.
These collisions produced various secondary particles, including antiprotons which were
focused by a Li lens and selected by magnetic bending. Resulting 8 GeV antiprotons
were transfered to the Debuncher, which was a small synchrotron that stabilized the
orbit and removed the bunch structure of the beam. Then, in the same tunnel, the beam
was injected into a second synchrotron, called the Accumulator, where antiprotons were
collected and “cooled” (reduced emittance and increased brightness). On average, 16
million protons were needed to produce a single antiproton. After collecting enough

antiprotons ( ~ 10'2), they were sent to the Recycler.

3.1.1.6 Recycler

The Recycler and the Main Injector shared the same tunnel. The Recycler was

used for additional cooling and (gradual) accumulation of antiprotons before they were
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Figure 3.2: Peak luminosity during the Tevatron Run II [27].

injected into the Tevatron. The Recycler did not accelerate beams, but a FODO lattice
(dipole magnets in the middle) and RF cavities were used to steer, capture and stabilize

the beam, and to produce bunches of antiprotons.

3.1.1.7 Tevatron

The Tevatron accelerated bunches of protons and antiprotons in opposite directions
from 150 to 980 GeV. Superconducting NbTi dipole and quadrupole magnets operating
at —268 °C (—450 °F) were used to bend and focus the beams inside a vacuum pipe,
while the acceleration was provided by RF cavities. The bunches were divided in 3
trains of 12 bunches. Each bunch was separated by 396 ns and each train by 2.617 us.
Proton and antiproton beam paths were controlled by electrostatic separators, which
brought them to collision at only two intersection points, just where the CDF and
D@ detectors are still located.

The luminosity is a measure of the number of collisions that occurs each second. On

May 3, 2011, the Tevatron set an initial luminosity record of 431 ub~!s~! [27], as seen

22



3.2 The DO detector

w Run Il Integrated Luminosity |19Apﬁ|2002_SGSEPtembMW|
120 [T 11111 [ /
1o ==Delivered 1o ar
10.0 = Va
=——Recorded rd
9.0 7 /
8.0 /l/..
= A M
£f70 107
g /_f 4
-
£6.0 Vi
g //
Eeo A
E 5. s
3
40 7
171
3.0 /r/_a
20 rJ/
|t ]
10
0.0 !
B 2 P Py g g g Y Do oy g B S iy O g g B T g Ba oy S Oy o S O S

Figure 3.3: DO Run II integrated luminosity [28].

in Fig. 3.2.) The luminosity decayed almost exponentially between the first collisions
of quality beams until the beams in the Tevatron were dumped, a period called Store
that used to last about 16-20 hours.

From April 19, 2002 to September 30, 2011, a period called Run II, DO recorded
10.7 b1 out of 11.9 fb~! of integrated luminosity delivered by the Tevatron, as seen
in Fig. 3.3. After data quality studies, it was found that 10.4 fb~! of data were useful
for physics analyses. To give an idea of the magnitude of the data recorded, 1 fb—! rep-

resents about 50 trillion pp collisions [29].

3.2 The DO detector

In this section we give a general description of the D@ central tracking system,
muon detector, magnetic fields (solenoid and toroids), and trigger, which are relevant

subsystems to achieve the measurement of the AJ lifetime. More briefly we mention

11 pub =1073% cm?.

23



3. EXPERIMENTAL APPARATUS

other subsystems, such as pre-shower detectors, calorimeters and luminosity monitors.

A detailed description of the D@ detector can be found in Refs. [30, 31, 32, 33].

3.2.1 DO detector overview

The D@ detector was built to study pp collisions at a center-of-mass energy of
Vs = 1.96 TeV during the Tevatron Run II (it operated at /s = 1.8 TeV during Run I,
from 1992 to 1996). Just to mention some accomplishments by the D@ Collaboration,
it led to the discovery of the top quark and measurement of its mass, discovery of single
top quark production, a precise measurement of the W boson mass, first observations
of the Z; and () baryons, and restrictions on the mass of the Higgs boson [27].
After the definitive Tevatron shutdown, D@ continued to operate for another 6 months
for calibration purposes. The D assembly area is now utilized to put together new
experiments. The D@ detector will not be (completely) disassembled; instead, it is
planned for public exhibition. A lot of data have not yet been analyzed. Therefore, for
the description of the D@ detector, from now on, I will use the present tense.

The D@ detector is depicted in Fig. 3.4. It includes a central tracking system
(section 3.2.2), composed by a silicon microstrip tracker (SMT, section 3.2.2.1) and
a scintillating-fiber tracker (section 3.2.2.2) located within a 2 T solenoidal magnet
(section 3.2.2.3). The SMT is able to identify displaced vertices, helpful for b-quark
tagging. The solenoidal magnetic field allows precision momentum measurement of
charged particles. Preshower detectors, for improved electron and photon identification,
are located beyond the central tracking system, between the solenoidal magnet and
the central calorimeter and in front of the forward calorimeters. Central and forward
muon spectrometers (section 3.2.3) surround the calorimeters, and consist of three
layers of drift tubes and scintillation trigger counters. A 1.8 T toroidal iron magnet
(section 3.2.3.1), located outside the innermost layer of the muon detector, provides a
stand-alone muon-system momentum measurement and is used to reject K /7 decays.
Finally, luminosity monitors, located in front of the end calorimeters, determine the
Tevatron luminosity at the D@ interaction region and provides a fast measurement of

the position of the interaction vertex along the beams direction.
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Figure 3.4: Side view of the D@ detector [30].

As usual, we use a right-handed coordinate system in which the z-axis is along the
proton direction and the y-axis is upward, as shown in Fig. 3.4. We will frequently use
the word “transverse” referring to quantities measured in the plane perpendicular to
the z direction. Spherical coordinates (r, ¢, ) are also used for analysis and detector
description. The r coordinate denotes the perpendicular distance from the z-axis.

Instead of the polar angle, it is common to use the pseudorapidity,
n = —In[tan (6/2)], (3.1)

which is the limit of the true rapidity, y = 1/2In [(E + p.c) / (E — p.c)], as (mc?/E) —
0. The term “forward” is used to describe the regions at large |n| (> 1). Using this
convention, we measure particle momenta in terms of transverse momentum (pr), ¢

and n:

7= (pz,py,pz) = (prcose,prsing, prsinhn), (3.2)
|[p] = prcoshn. (3.3)
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Figure 3.5: Cross sectional view of the D@ tracking system [30].

3.2.2 Central tracking

The central tracking system is shown in Fig. 3.5 and consists of the SMT and
the central fiber tracker (CFT) surrounded by a solenoidal magnet. It surrounds the
D@ beryllium beam pipe, which has an outer radius of 1.5 cm. It allows a precise
determination of the primary interaction vertex (PV), impact parameter (IP) of charged

tracks and pr.

3.2.2.1 Silicon microstrip tracker (SMT)

A diagram of the SMT is shown in Fig. 3.6. It provides both tracking and vertexing
over almost the full  coverage of the muon system (section 3.2.3). The SMT consists
of barrel modules interspersed with (F-)disks in the central region and large-diameter
(H-)disks in the forward regions. The barrels primarily measure the r — ¢ coordinate;
together with the CFT, they are used to reconstruct vertices at small values of z.
The disks give measurements of r — z and r — ¢ coordinates, making possible the
reconstruction of vertices at high z.

There are 6 barrels with centers at |z| = 6.2, 19.0 and 31.8 cm, each one with

4 layers located from r = 2.7 to 10.5 cm, that give support to silicon modules called
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Figure 3.6: Isometric view of the SMT detector [30].

“ladders”. Ladders consist of a combination of single-sided (SS), double-sided (DS) and
double-sided double-metal (DSDM) silicon wafer technologies, with are characterized
by their crystal orientation, thickness, and angle between p and n sides of DS sensors
(> 0° are called stereo sensors; otherwise, axial sensors). An F-disk, composed of DS
wedge silicon detectors, caps each barrel at |z| = 12.5, 25.3, 38.2 cm. In addition, there
are three F-disks located forward, in each side, at |z| = 43.1, 48.1, 53.1 cm. In the far
forward regions, two H-disks at |z| = 100.4, 121.0 cm, composed of back-to-back SS
wedges, provide tracking at high |n|. In total, there are 792,576 channels read out by
custom-made 128-channel SVXIIe readout chips. These signals are used by the Level
2 and 3 trigger systems (section 3.2.4) to trigger on displaced vertices.

A new inner layer, called Layer 0 (L0), was inserted for the second part of the
D@ Run II, named Run IIb, that started in June 2006. Located at » = 1.6 — 1.8 cm,
the design of LO was thought to improve the resolution of the Run IIa SMT detector

and to provide more robust tracking and pattern recognition at higher luminosities [32].

3.2.2.2 Central fiber tracker (CFT)

The CFT is a set of 835 um-diameter scintillating fibers placed on top of eight
concentric support cylinders, as shown in Fig. 3.7. The cylinders are located from
r = 20 to 52 cm, the two inner-most are 1.66 m long (bounded by the H-disks), and
the outer six are 2.52 m long covering up to |n| < 1.7. On each cylinder, a “doublet”
layer (the second layer of the doublet offset by 0.5 mm from the first layer) of fibers
is oriented along z (axial layer) and a second doublet layer at a stereo ¢ angle of

+3°(u) or —3°(v) (stereo layers). From inside to outside, the fiber doublet orientation
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Figure 3.7: Transverse schematic view of the CFT detector [30].

is zu — 2v — zu — z2v — zu — zv — zu — zv. The scintillating fibers are connected to
clear fiber waveguides to transfer the scintillation light to visible light photon counters
for read out, making in total 76,800 readout channels. These signals are used by the
Level 1 hardware trigger (section 3.2.4) to trigger on track pr in sectors of 4.5°, and
this information is sent to the global Level 2 trigger. The Level 3 uses the full CFT

readout information.

3.2.2.3 Solenoidal magnet

The superconducting solenoidal magnet curves the trajectories of charged particles
to allow a precise measurement of the momentum in the transverse plane. As shown
in Fig. 3.8, it provides a central field of 2 T. The polarity of the magnet was reversed
regularly in order to reduce detector asymmetry effects.! The overall thickness of the

solenoid is about one radiation length (1Xo) at n = 0.

3.2.3 Muon detector

For muon detection, D@ has a central muon system that uses proportional drift
tubes (PDTs), trigger scintillation counters and toroidal magnets, and a forward muon

system with mini drift tubes (MDTs) rather than PDTs, scintillation counters, forward

!The periodic reversal of the solenoid and toroid polarities proved to be really useful in the beautiful
D@ measurement of the like-sign dimuon charge asymmetry in semileptonic b-hadron decays [Phys.
Rev. Lett. 105, 081801 (2010)].
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Figure 3.8: A y—z projection of the D@ magnetic field with both solenoidal and toroidal
magnets operating at full current [30]. The field is measured in kG.

toroids and beam pipe shielding. The central muon system covers |n| < 1 and the
forward system extends the coverage up to |n| ~ 2. The distribution of the muon wire
chambers (PDTs and MDTSs) and scintillation counters is shown in Fig. 3.9 and will be

described in the following subsections.

The scintillation counters are used for triggering; wire chambers are used for pre-
cise coordinate measurements and also for triggering. Both technologies help to reject
background: the scintillator with timing information, and the wire chambers with track
segments. The toroidal magnets allow an independent muon momentum measurement
which enables a low-pr cutoff in the Level 1 muon trigger, permits a cleaner match-
ing with central detector tracks, rejects w/K decays, and improves the momentum

resolution for high momentum muons.
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3.2 The DO detector

3.2.3.1 Toroidal magnets

The central toroid is a 1.1 m thick square annulus, located at about r = 3.2 m from
the Tevatron beamline. It is divided in three parts to allow access to the inner parts
of the detector: center-bottom, and two C-shaped sections. On the other hand, there
are two end (forward) toroids, located at 4.5 < z < 6.1 m and r = 4.3 m from the
beamline. The internal fields in the central toroid are approximately 1.8 T and those
in the end toroids are approximately 1.9 T. As with the solenoidal magnet, the toroids

polarity was regularly reversed during the D@ Run II.

3.2.3.2 Central muon system

The central muon system is composed of the central toroid (section 3.2.3.1), PDT
chambers, the cosmic cap and bottom scintillation counters, and the A¢ scintillation
counters.

There are three layers of PDT chambers. The inner-most, called A-layer, is located
inside the central toroid. The other two layers, B- and C-layers, are located outside. A
PDT is a rectangular extruded aluminum tube, called drift-cell, filled with a mixture of
84% argon, 8% methane, and 8% CF4. Each drift-cell has an anode wire at the center.
Vernier cathode pads above and below the wire determine the hit position along the
wire.!

A set of scintillation counters, called the cosmic cap and cosmic bottom, is installed
on the top, sides and bottom of the C-layer. Scintillation counters are fast enough
to allow the association of a muon in a PDT with the correct bunch crossing and to
discriminate against the cosmic ray background.

The A¢ scintillation counters cover the A-layer. They provide fast triggering, muon
identification and out-of-time backscatter rejection from the forward direction. To-
gether with the CFT, it is possible to trigger at Level 1 (section 3.2.4) for high-pr

single muon and low-pr dimuon triggers.

Vernier pads were only fully instrumented on the A-layer, and about 10% on B/C-layers for aging

studies, since they were expensive and did not improve the resolution for tracks passing all three layers.
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3.2.3.3 Forward muon system

The forward muon system is composed of the end toroids (section 3.2.3.1), MDT
chambers, scintillation counters and shielding around the beam pipe.

The function of the MDT chambers is essentially the same as the PDT chambers
in the central region. MDTs are chosen because they provide better resolution and
radiation hardness than the PDTs. There are three layers of MDTs (A, B and C), with
the A-layer inside the end toroids. MDTs have 8 drift cells, covered with a stainless
steel foil and inserted into PVC sleeves, and filled with a mixture of 90% CF4 and 10%
methane.

The muon trigger scintillation counters are installed over the three MDT layers.
They provide good time resolution, background rejection and high muon detection.

Finally, the shielding to reduce non-muon background in the muon system consists of
layers of iron (hadronic and electromagnetic absorber), polyethylene (neutron absorber)
and lead (gamma rays absorber) in a steel structure around the beam pipe and low-beta

quadrupoles.

3.2.4 Trigger

More than 2.5 million proton-antiproton bunch crossings occurred at D@ every sec-
ond during a normal Store. Given the total SM cross section of the Tevatron collider,
oot =~ 108 nb [34], we expected on the order of 1 to 10 collision in each bunch crossing
(pile-up). Since in general not every high energy collision leads to interesting physics'
and it is also impossible to save all that information due to limited disk space (some-
thing similar happens at the LHC), the D@ experiment implements three trigger levels
(Level 1 to Level 3, or L1, L2 and L3). Each succeeding level examines fewer events
but in greater detail and complexity. Events rejected by any of the trigger levels are
permanently lost. Accepted events are buffered at each level to prevent further lost of

data. During Tevatron collisions, the available trigger bandwidth had to be divided into
different kind of physics and interests, without excluding the possibility of totally new

'For calibrations purposes, 1 out of 800,000 beam crossings were randomly recorded (zero-bias trig-
ger). Similarly, 1 out of 700,000 collisions, identified as signal coincidences in the luminosity monitors

at the expected time, were saved to disk (minimum-bias trigger).
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3.2 The DO detector

and unexpected physics. For some physics analyses, such as b physics studies, things
got more complicated and inefficient (e.g. pattern recognition) at higher luminosities
due to the busy environment.

The L1 consists of hardware elements that process signals from the luminosity
monitors, calorimeter, muon system and fiber tracker. The requirements at L1 are very
basic, such as energy depositions or hit patterns associated with tracks above a preset
momentum threshold (see also footnote 1 in page 32). The set of decisions (also called
triggers) taken at L1 reduces the event rate from 2.5 MHz to about 2 kHz.

The L2 is composed by serial or parallelized CPU-based cards or programmable logic
based cards for each detector subsystem, and a global processor for integration of the
data. The L2 is able to identify physics objects such as jets, electrons, photons, missing
energy in the calorimeter, muons and charged tracks (with certain pp, ¢, isolation or
impact parameter). The global processor analyze all objects received from the detector
subsystems and their correlations, to reduce the event rate to about 1 kHz.

Finally, these data are received by the L3 to be analyzed in much more detail.
This process is performed in parallel by nearly 500 computers, programmed with com-
plex algorithms. Decisions at L3 are based on complete physics objects and on the
relationships between them (vertices, angular separations, etc.).

During Tevatron collisions, to further reduce the rate to an acceptable level, about
100 Hz, L3 triggers had to be “pre-scaled”; for example, 9 out of 10 events with two

good muons and pr > 2 GeV/c were randomly rejected between 260 and 310 ub~1s~1.
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Chapter 4

Event reconstruction

The goal of this chapter is to show how we reconstruct Ag candidates decaying to
a J/1 meson and a A? baryon. With more detail we shall see that a J/1 candidate
is reconstructed with two good quality oppositely charged muons candidates forming a
good vertex. Analogously, a A? candidate is reconstructed with two oppositely charged
tracks, associated with a proton and a pion, converging to a common point. Then, the
four-momenta of the J/1 and A° candidates are combined to form a Aj) candidate. The
topology of the Ag decay chain is shown Fig. 4.1a. Due to the similar topology, we also
reconstruct B — J /1 Kg decays, where the Kg meson decays to two charged pions,

as shown in Fig. 4.1b.

a) +

Figure 4.1: Topology of the decays a) A) — J/¢A° and b) B — J/¢ KY, with
J/p — ptp=, A - pr~ and K2 — nhm.
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4. EVENT RECONSTRUCTION

4.1 Reconstruction software overview

DO developed a program called DORECO to reconstruct objects used in physics
analyses [30]. Since it is a very time consuming process, it must be run on thousands
of computers. Every event is divided in “chunks” containing the raw detector signal.
D@RECO processes these chunks, taking into account calibrations, and then returns
more chunks associated with each type of reconstructed object, such as muons, electrons
or vertices. The most CPU intensive DORECO process is the reconstruction of global
tracks from signals in the SMT and CFT by using several tracking algorithms. Since we
are looking for a very specific decay, we use directly a program called AATRACK (AA
stands for Alternative Algorithm) [35] to reconstruct our secondary vertices. AA-
TRACK is a DORECO subroutine used to reconstruct primary vertices (PV) and one
of the several algorithms used to reconstruct tracks. We use AATRACK extensively
because it can identify low pr tracks which are useful for our analysis (tracks recon-
structed by all algorithms are merged and filtered). Moreover, AATRACK is the most
efficient algorithm for high impact parameter! (IP) track candidates, such as those

coming from A? and K9 decays.

4.2 Track reconstruction

The basic elements to reconstruct track candidates are the signals obtained from
the strips and fibers of the SMT and CFT detectors. Charged particles produce signals
in several neighboring strips, from which AATRACK forms clusters called “hits”. The
algorithm starts by taking an axial hit on the innermost layer and then tests hits at
larger radii layers, as shown in Fig. 4.2. A second hit on a higher layer is chosen if the
azimuthal angle between hits does not exceed @q,- A third hit is accepted if the radius
of the circle drawn through the three hits is larger than R, and the IP, measured
from the beam-spot?, is smaller than b,,.,. More hits can be added to the three-hits

seed track if they fulfill a x? requirement. Also, every axial hit has multiple associated

'The impact parameter of a track is defined as the transverse distance of closest approach (DCA)

of the track to the primary vertex point.
2The beam-spot is the transverse beam position averaged over multiple beam crossings.
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Figure 4.2: Track reconstruction and parameters used to accept or reject a tree-hits seed
track.

stereo hits, and all combinations have to be tested. R,,;, is related to the pp threshold

of tracks by the relation
PFGeV] = 0.3 - B[T] - Rypin[m], (4.1)

where B is the magnetic field (~ 2 T). As we shall see in section 4.2.1, various values
of Rimin, ®maz and by,q. were studied for track reconstruction.

Charged particles decaying far away from the PV (e.g. those coming from AY) are
expected to have several missing hits on inside layers, or “backward misses”. Missing
hits occurring in between hits on the track, or “inside misses”, are typical of fake tracks.
Missing hits on layers outside the last associated hit on the track are called “forward
misses”. The track finding algorithm stops for the current track hypotheses if there are
no more outward layers to test or if there are more than 3 forward misses. The track

hypothesis is rejected if it fails any of the following requirements:
e the total number of hits (Vi) are at least five times the total misses (Niss);
e less than six forward and backward misses;
e in average, less than four inside misses, and less than three in the SMT;
e at least four stereo hits.

This procedure is repeated for every allowed initial combination of three hits. A similar

algorithm is implemented starting from the outermost CF'T layer to smaller radii layers.
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To reduce the fake rate, low quality tracks with too many shared hits with higher
quality tracks are rejected. Tracks are ordered first by Ny, then by Np,.ss, and finally
by x2. Starting with the highest quality track, a track is accepted if the total number
of shared hits (Ng;,) between tracks of higher quality is less or equal to %Ntot- This
requirement is tightened to Ny, < %Ntot if Nyt — Ngp < 3. The process is repeated a
second time, but this time N is replaced by 2Ny, if the track has a small IP with

respect to the PV reconstructed with the current pool of tracks (see section 4.3).

4.2.1 Extended reconstruction

The observation of the =, baryon at DO [37] had been impossible without a set
of modifications to the AATRACK algorithm that allow tracks with IP greater than
2.5 cm to be reconstructed in DORECO. This “extended” reconstruction increases the
acceptance of A and Kg candidates, which generally decay to tracks with low py and
high impact parameter.

Major changes in the D@ detector occurred during 2005-2006. The D@ Run II was
divided in Run ITa (before 2005) and Run IIb (after June 2006). To deal with the high
track multiplicity of the Run IIb environment, the Collaboration decided to raise the
P of tracks from = 180 to ~ 450 MeV/c, in fact killing most of the A® signal (see
section 4.6.1). To perform this analysis, all events with dimuon candidates in Run Ila
and Run IIb, with invariant mass between 2.0 to 4.2 GeV/c?, were reprocessed with the
extended algorithm [38]. The parameters used for track reconstruction were modified

to allow tracks with pr above ~ 120 MeV/c. Table 4.1 summarizes these changes.

Table 4.1: Summary of parameters used in the standard and extended reconstruction

algorithms.

Parameter Standard Run Ila Standard Run IIb Extended Run II (a-b)

Pmaz 0.08 0.08 0.20
Ruin 30 cm 75 cm 20 cm
bmaz 2.5 cm 2.5 cm 10 cm
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4.3 Primary vertex reconstruction

The data reprocessing last about 4 months in thousands of CPUs.! Many technical
issues, such as memory and disk consumption and program crashes, had to resolved
during that period. We found additional unexpected problems for the Monte-Carlo
reprocessing that took us more time to overcome. These problems were decisive in our
optimization strategy, which maximize the Ag peak significance in data instead of using

Monte-Carlo estimates.

4.3 Primary vertex reconstruction

The primary vertex (PV) reconstruction algorithm is described in detail in Ref. [36].
Tracks within a distance of closest approach (DCA) of 2 mm to the beam-spot are used
to fit a common vertex using the beam-spot as a constraint. The accuracy of this PV
is improved in a second iteration, by using the DCA to the first pass PV instead of
the beam-spot. We require at least one PV formed from at least 5 tracks to accept the
event.

The inclusion of tracks from the decay of a b hadron can bias the PV towards the
b hadron decay vertex. After the reconstruction of the A) and BY candidates (see next
sections), daughter tracks are excluded in a third and final recalculation of the PV.?
The distance measured in the transverse plane between the third and second iteration
PV is ~ 3 pm overall.

We generate a Monte-Carlo sample of AY — J/1 A? decays, that includes the sim-
ulation of the detector response, and is reconstructed with the same algorithms as in
data (see Appendix A). In Fig. 4.3 we observe that the mean of the residuals between
the reconstructed PV and the true (generated) PV is consistent with zero in each of
the three spatial components, x, y and z, and hence, the final reconstructed PV is
unbiased. As expected, due to the design of the DO central tracking, the resolution is

better in the z — y (transverse) plane than in z direction.

!The extended algorithm was modified several times in an effort to fix errors in the code, adjust
reconstruction parameters, and improve several subroutines. For these reasons, all data available were
reprocessed each year, from 2007 to 2011. As we have already mentioned, the last reprocessing took

about 4 months and an equivalent time in order to certify these data.
2In practice, only muons are excluded. Tracks with small IP, coming from a A° or a K2 candidates,

are discarded by our selection requirements, mainly to reduce backgrounds.
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Figure 4.3: Distance from the reconstructed PV to the true PV in the z, y and z
coordinates obtained from AY — J/¢» A° Monte-Carlo simulation (see Appendix A). Shown
are the results of the fit to a superposition of Gaussian functions for each coordinate.
The Gaussian functions are centered at p; (¢ = x,y,2), and have standard deviations o;;
(j =1,2,...) weighted by f5, .
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4.4 Secondary vertex reconstruction

4.4 Secondary vertex reconstruction

In this thesis we are interested on forming vertices with two oppositely charged
tracks [36]. The trajectories of the tracks are approximately helices, or circles in the
transverse plane. For two tracks, there are two circles crossing at two points.! The
algorithm takes the crossing point that leads to the smallest distance between tracks in
the z direction. Finally, the final vertex position is calculated from on a simultaneous
(two-track) x? minimization of the DCA with respect to the final vertex position.

To ensure that we have good quality vertices, the x? probability of every two-track
vertex must be greater than 1%. Figure 4.4 shows that the J/v vertex is unbiased and

determined with better precision in the transverse plane.?

4.4.1 Mass constraint

To improve the resolution of the J/v vertex, we vary the pp of the muons until the
invariant mass of the dimuon candidate correspond to the world-average mass of the

J /1 meson, 3,096.9 MeV/c? [1]. Larger pr errors imply larger allowed variations.

4.4.2 A)/B° decay vertex reconstruction

The J/1 has a mean lifetime of 7.1 x 102! s [1]. This lifetime is about a thou-
sand times longer than typical strong decay. We know that this effect is due to the
OZI Rule and energy conservation [39] (and then the electromagnetic decays become
competitive). Even so, we cannot detect such a small lifetime. Therefore, we assume
that the production and decay of the J/1 occur all at the same point.

The Aj) (BY) candidates are reconstructed by performing a kinematic vertex fit that
constrains the dimuon invariant mass to the world-average .J/1 mass, and the A® (K9)
and two muon tracks to a common vertex. The A (KY) has been extrapolated from

its decay vertex according to the reconstructed A° (K2) momentum vector.

!Tracks decaying from one common parent may appear separated due to the finite detector reso-
lution. In that case, circles do not cross each other. If the distance between circumferences exceeds

3 mm, the possible vertex is abandoned.
?Monte-Carlo studies show that the A° and K9 vertices are also unbiased. A more precise mea-

surement of these vertices have little impact on the A) or B lifetime measurements.
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Figure 4.4: Distance from the reconstructed J/t vertex to the true J/1 decay vertex

in the z, y and z coordinates obtained from AY — J/¢ A Monte-Carlo simulation (see

Appendix A). Shown are the results of the fit to a superposition of Gaussian functions for

each coordinate. The Gaussian functions are centered at u; (i = x,y, z), and have standard

deviations oy (j = 1,2, ...) weighted by f,, ..
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4.5 Proper decay length measurement

Figure 4.5 shows that the Ag decay vertex is unbiased. Moreover, the three-track
AY decay vertex resolution is about 20% better than the two-track J/1 vertex. The cor-
rected muon momenta also improves the A9 (B%) mass resolution about 50% compared

to the unconstrained calculation.

4.5 Proper decay length measurement

There are two alternative ways to define the direction of flight of a particle, either
by the direction of the vector from its production to its decay vertex (cf ) or by its
momentum (p). On the transverse plane, it can be shown that the second definition
leads to a resolution improvement of ~ 75% with respect to the first definition [40]. We
can also define the decay length (L) of a particle by ]cﬂ or by d- P/|p]. Again, the second
definition leads to a more precise and well behaved resolution (around the origin) that
is further improved projected onto the transverse plane:
_d-pr

L, =2PTr
Yy

(4.2)

The proper decay length (PDL) of a b hadron candidate, denoted by A, is obtained

by boosting the decay length of the b-hadron candidate from the lab to the rest frame,
L M M

A ey ol (4.3)
ol P pr

where Mp is the PDG mass of the b hadron [1]. In the last expression we have multiplied

A

the numerator and denominator by sinf. Once again, properties measured on the
transverse plane are more precise. Figure 4.6 shows that the measurement of the PDL

is unbiased.

4.6 Data sample selection

In this analysis we use an integrated luminosity of 10.4 fb~!, which is the full
Run II D@ data sample. These data are divided in 5 periods. In between these periods
the Tevatron was shutdown temporarily, and D@ used that time to fix or recover the

efficiency of the various subdetectors:
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Figure 4.5: Distance from the reconstructed AY decay vertex to the true A decay vertex
in the z, y and z coordinates obtained from AY — J/¢ A Monte-Carlo simulation (see
Appendix A). Shown are the results of the fit to a superposition of Gaussian functions for
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Figure 4.6: Distance from the reconstructed PDL to the true PDL obtained from (left)
A) — J/¢ A® and (right) B® — J /1 K3 Monte-Carlo simulations (see Appendix A). Shown
are the results of the fit to a superposition of Gaussian function for each decay channel.
The Gaussian functions are centered at p and have standard deviations o; (j = 1,2, ...)
weighted by fo ;.

1. Run ITa: April 20, 2002 - February 22, 2006, recorded up to 1.3 fb=1.

2. Run IIbl: June 9, 2006 - August 4, 2007, recorded up to 2.8 fb1.

3. Run IIb2: October 28, 2007 - June 13, 2009, recorded up to 6.1 fb~1.

4. Run IIb3: September 14, 2009 - July 17, 2010, recorded up to 8.1 fb=1.

5. Run IIb4: August 21, 2010 - September 30, 2011, recorded up to 10.4 fb=1.

Data from Run IIbl to Run IIb4 is called Run IIb. The main difference between the
Run ITa and the Run IIb periods was the addition of a silicon layer (L0O) just above the
beam pipe.

From these data, we choose events that satisfy muon or dimuon triggers. Events
fired exclusively by triggers with a minimum IP requirement for tracks are discarded
from the analysis, since they can bias the lifetime measurement. We only accept events
that were labeled as good or reasonable for analysis by the SMT, CFT and muon
detector experts. We filter events with at least one reconstructed PV. Then, we look

for events with two oppositely charged muon candidates forming a good vertex and
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4. EVENT RECONSTRUCTION

dimuon invariant mass consistent with the J/¢ mass. In these events we search for
pairs of oppositely charged tracks forming a good vertex and invariant mass consistent
with the A or Kg mass. Then, we reconstruct Ag or B candidates as explained
in section 4.4.2. If there are multiple PVs in the event, we choose the nearest to
the J/1¢ vertex along the z direction. We apply further requirements to reduce the

background rate without introducing a bias to the lifetime measurement.

4.6.1 J/v and A° selection

In order to clean the J/v signal we require:
e The x? of the J/1 vertex must be less than 16.

e For the muon candidates, the total number of hits between the beam pipe and
the J/v vertex must be less than 3. After the J/v vertex, no more than four

total forward misses are accepted.

e Fach muon track must have at least two hits in the SMT and two hits in the

CFT.

e At least one muon candidate in the event must have hits in the inner layer, and in

at least one outer layer of the muon detector. This muon must have a pr greater

than 1 GeV/ec.

e A second muon candidate must either be detected in the innermost layer of
the muon system or have a calorimeter energy deposit consistent with that of
a minimum-ionizing particle along the direction of hits extrapolated from the

central tracking system.

e The dimuon invariant mass must be within 2.75 — 3.4 GeV/c?.

To clean the A signal we require:

e The x? of the A? decay vertex must be less than 25.
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4.6 Data sample selection

For the charged tracks, the total number of hits between the beam pipe and the
A° decay vertex must be less than three. After the A? decay vertex, no more than

one forward miss per track is allowed.

At least three CFT hits for each proton or pion candidate. Most of the A? decays
occur after the SMT layers and, therefore, proton and pion candidates are not

required to be detected in the SMT.

The transverse distance significance (transverse distance divided by its uncer-
tainty) between the A? decay vertex and the PV must be greater than 2 if the

transverse distance uncertainty is less than 0.5 cm.

The cosine of the angle in the transverse plane between the vector from the PV

to the A? vertex and the A momentum vector must be greater than 0.8.
The pr(A°) must be greater than 0.6 GeV/c.

The square of the IP significance must exceed 5 for both tracks and 16 for at least

one of them.

The two-track invariant mass must be within 1.100 — 1.1285 GeV/c?. We order
the tracks by pr and consider the two possible mass assignments: (1) the leading
(higher transverse momentum) track is assigned the mass of the proton, and (2)

the leading track is assigned the mass of a pion.

The same A selection criteria are applied in the selection of K g — 77~ candidates,

except that the mass window is chosen in the range 0.4455 — 0.5405 GeV/c? and pion

mass assignments are used.

The distance in the beam direction between the PV and the A)/BY decay vertex

is required to be less than 5 cm. This requirement rejects outliers with incorrectly

assigned PVs. The invariant mass of Ag and B° candidates is selected in the range

5.15 — 6.1 GeV/c? and 4.9 — 5.7 GeV/c?, respectively.
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4. EVENT RECONSTRUCTION

4.6.1.1 Standard vs. extended reconstructions

At this point it should be emphasized the advantage of using the extended recon-
struction algorithm. A comparative picture is shown in Fig. 4.7. The A° yield increased
about x3 in Run ITa and about x20 in Run IIb.

Unfortunately, most of the A° candidates gained by the extended reconstruction
lie at very low momentum, where the Ag signal is highly contaminated, as shown in
Fig. 4.8. The pr distribution of A? candidates coming from Ag — J/¢ A? decays peak
at ~ 1.8 GeV/c, in contrast to direct A’s (from the PV) that are expected to lie at
low momentum. This property, on the other hand, is advantageous for background and

signal separation.

4.6.1.2 Mass assumptions

Except for muons, the D@ detector lacks of dedicated detectors to distinguish be-
tween different types of charged particles. Therefore, it is not possible to distinguish
between protons and pions.

First, we have to consider two possible mass assumptions: p(leading)n ™ (trailing)
and 7t (leading)p(trailing). Fortunately, the transverse momentum of the proton in
AY — J/1p A°(— pr~) decays is almost always greater than the transverse momentum
of the pion. This kinematic property is shown Fig. 4.9 using Monte-Carlo simulation
without including the detector response (see Appendix A), called Monte-Carlo at gener-
ation level. After all the requirements imposed so far, only the first assumption prevails
in our data.

More problematic is the fact that a proton can be confused with a pion. If we
assign the mass of a pion to the proton of a A® candidate, then the invariant mass of
the track pair, M (77 7), clearly has a peak around the K2 mass (Fig. 4.10 top).! This
“cross-feed” contamination coming from B — J/ ngX decays (mainly from the fully
reconstructed B — J/1 K9) can bias the AJ lifetime. Therefore, we reject candidates
with My (7 +7~) within 0.470 — 0.525 GeV/c?. This veto removes almost 100% of the

!This background was observed to be distributed almost uniformly across the AY mass range in
previous lifetime analyses [10], and it was not removed. However, it also was the most significant source

of systematic uncertainty.
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(Color online.) Standard vs. extended reconstructions. Shown are the

invariant mass distributions of (top) A° and (bottom) K2 candidates before optimizing

the Ag signal. The extended Run Ila reconstruction (red long-dashed histogram) finds

~ 3 (~ 2) times more A° (K2) candidates than the standard Run Ila reconstruction (blue

dashed histogram). Similarly, there are ~ 20 (~ 7) times more A° (K2) candidates in the

extended Run IIb data (green solid histogram) than in the standard counterpart (black

dotted histogram).
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Figure 4.9: Transverse momentum of protons vs. pions in Ag — J /¢ A°(— pr~) decays

obtained from Monte-Carlo simulation at generation level.

cross-feed and about 23% of the Ag signal. Similarly, for K g candidates we assume that
one of the tracks is a proton and then we reject all candidates with M K9 (pr~) within
1.105 — 1.127 GeV/c? (Fig. 4.10 bottom). This requirement removes almost ~ 100% of
the cross-feed and 6% of the B signal.

4.6.2 Selection optimization

To obtain a clear Ag signal, the pu*pu~, pr~ and 77~ mass distributions are re-
duced to cover ~ 99.7% of the J/i¢» and A° signal candidates: 2.8 < M(utp~) <
3.35 GeV/c? and 1.105 < M(pr~) < 1.127 GeV/c®. The A} selection is optimized
by maximizing the figure of merit S//S + B, where S (B) is the number of A) signal
(background) candidates in the data sample, estimated by fitting the Ag mass spectrum
to a superposition of a Gaussian function and an exponential decay.! The maximum

is found by making all possible combinations of requirements in observables that are

'The A{ resonance was well established in Ref. [10] using Run ITa data, where the signal optimization
was based on Monte-Carlo expectations. In this analysis, we optimize the signal directly from the data.
As we mentioned earlier (section 4.2.1), Monte-Carlo reprocessed with the extended algorithm was not
available by the time we worked on this optimization. Later, we perform several tests to make sure
that the A lifetime is not biased by the selection.
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4.6 Data sample selection

not related to the Ag decay time. After this process, we obtain the following final

requirements:
e The pr(A) must be greater than 1.8 GeV/c.
e The pr of protons and pions must be greater than 0.3 GeV/c.

e The A° collinearity, defined as the cosine of the angle between pr(A°) and the
vector from the J/v vertex to the A" decay vertex, must be greater than 0.9999.
This requirement suppresses contamination from decays of more massive baryons

such as X% — A% or 20 — A7V,
e The pr(J/1) must be greater than 4.5 GeV/c.

e The distance from the J/¢ to the A° decay vertex must be greater than 0.3 cm

and its significance greater than 3.5.
e The x? of the Ag vertex must be less than 25.

e The Ag isolation must be greater than 0.35. Isolation is defined as

p(Ap)
[p(Ap) + > ArP]

(S}
If

(4.4)

where the sum, excluding the decay products of the Ag candidate, is over the
momentum of all particles from the PV within the larger AR(u*, Ap) cone in
pseudorapidity-azimuthal angle space, defined as AR = \/An? + A¢2.

After this optimization, if more than one candidate is found in the event, which
happens in less than 0.3% of the selected events, the candidate with the best Ag decay
vertex fit probability is chosen. We have verified that this selection is unbiased by
varying the selection values chosen by the optimization as described in more detail later.
The same selection criteria are applied to B — J/vy K g decays (and the corresponding
K9 candidates).
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4.7 The yield problem

In Fig. 4.11 we compare A) — J/1) A’ Monte-Carlo (see Appendix A) and A? data
obtained from the sidebands regions, for variables with the highest discrimination
power: pr(A%), pr(7~) (trailing track), and the A° collinearity.!

Finally, Fig. 4.12 shows unbinned likelihood fits to the Ag and BY mass distributions,
where the signal is parametrized by a Gaussian function, and the background by an
exponential decay. For both decays, a single exponential decay seems to be a poor
description of the background. In the following chapter we study with more detail
the background composition. For now, the approximate numbers of signal events are

717 £ 70 AY and 5167 + 137 BO.

4.7 'The yield problem

By direct comparison, it is determined that the extended reconstruction algorithm
increases by ~ 40% the A(b) yield with respect to the standard version in the full data
sample. Even after this gain, we find nearly a 50% deficit of signal events with respect
to the previous DO measurement [10]. After various studies in Monte-Carlo simulations
and data subsamples according to trigger epochs, we can attribute the deficit to the

following issues:

e The most recent DO data was collected at higher instantaneous luminosities,

which imposed tighter, and less efficient, trigger requirements.

e Higher instantaneous luminosities resulted in a reduction of the reconstruction
efficiency caused by the presence of multiple interactions in a single bunch cross-

ing.

e The effects mentioned above have been observed in other decays of b hadrons

containing a .J/¢ in the final state, such as B — J/¢ K+, B® — J/¢K*0 and
Bs — J/¢¢.

'The pr(J/+) is also an important variable. However, it depends strongly on the trigger require-
ments that are not simulated in the Monte-Carlo. Without the trigger simulation, an optimization
based on Monte-Carlo estimates gives apparently more discrimination power to this variable than it

really has.
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4.7 The yield problem

e The SMT Layer-0 was added in 2006 and the reconstruction code was updated
to take it into account. However, the track requirements mentioned in section 4.2
were not updated, for instance, to allow more backward misses in the SMT that
are expected for long lived particles such as A and Kg. Preliminaries studies
showed that after some fine-tunning on these requirements, the reconstruction
recovers about 5 — 10% of the missing events. These studies were abandoned

after proved success of the extended reconstruction.

e The removal of ambiguous A° and K candidates (cross-feed contamination)

causes a lost of approximately 23% of the Ag signal events.
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Chapter 5

Lifetime measurement

In this chapter we finally measure the Ag lifetime. To verify that our method is

reliable, we follow the same steps in our sample of reconstructed B® — J /v Kg decays.

5.1 Measurement overview

We already know that signal decays are distributed in mass according to a Gaussian
function, where the width of this Gaussian is a measure of the mass resolution of the
D@ detector. This is confirmed by Monte-Carlo simulations. Variations of the signal
(Gaussian) shape are considered as possible sources of systematic uncertainty. Every-
thing else, that is not described by this shape, must be background and is parameterized
empirically. On the other hand, in order to measure the Ag lifetime, we need to extract
the signal component from the proper decay length (PDL) distribution that includes
signal and background decays. We know that signal decays should follow an exponen-
tial function. In fact, taking into account the finite resolution of the D@ detector, the
exponential is distorted by a resolution function that, according to the simulation, can
be adjusted in good approximation to a Gaussian function. The ignorance of the exact
shape of the PDL resolution function is a source of systematic uncertainty. Moreover,
some components of the background almost mimic the signal shape and, consequently,
can bias the lifetime if they are not correctly parametrized. Then, it is convenient to
have a better understanding of the different backgrounds in our samples. And finally,

we must take advantage of the straightforward separation of the signal and background
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5. LIFETIME MEASUREMENT

components in the mass distribution to assign the correct fraction of signal events in
the PDL distribution. To achieve this, we perform a simultaneous unbinned likelihood

fit of the mass and PDL distributions.}

5.2 Background studies

Previous D@ analyses that measure the lifetime of b hadrons containing a J/v
in the final state [10, 19, 41], such as BY — J/¥wK*® and B? — J/1¢, assume that
the background in the vicinity of the b hadron mass peak (in the mass sidebands)
describes the behavior of the background below the mass peak. Then, to avoid the
introduction of biases in the lifetime measurements, the mass sidebands are chosen
to have, approximately, the same number of events in the left (low) and right (high)
sidebands, and below the signal peak (see Fig. 4.12). This assumption is valid if the
PDL distributions of events in the low and the high sidebands are similar, which is
clearly contradicted by simple comparison. Figure 5.1 shows that there are not only
more long-lived decays in the low sideband than in the high sideband, but also the
lifetime is longer in the low sideband. The effect is stronger in B° decays than in
AY decays.

In fact, the samples of Ag and BY candidates have two primary background contri-
butions: combinatorial background and partially reconstructed b hadron decays. The
combinatorial background can be divided in two categories: prompt background, which
accounts for =~ 70% of the total background, primarily due to direct production of
J /¢ mesons; and non-prompt background, mainly produced by random combinations
of a J/4 meson from a b hadron and a A° (K2) candidate in the event. Contamination
from partially reconstructed b hadrons comes from b baryons (B mesons) decaying to
a J/¢ meson, a A° baryon (K¢ meson), and additional decay products that are not

reconstructed.

1We shall see that, in fact, we need to fit simultaneously mass, PDL and the uncertainty on the
PDL to avoid biasing the lifetime.
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Figure 5.1: Proper decay length distributions of events in the low (dashed line) and high
(dotted line) sidebands, and mass peak region (continuous line) for (top) AY and (bottom)
B° candidates. Mass regions are defined in the statistics boxes.
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5.2.1 Partially reconstructed b decays

Partially reconstructed b decays in our samples have a real reconstructed vertex,
displaced from the PV as expected from any b hadron decay. They have an effective
lifetime larger than we would expect from random J/v A° or J/4 Kg combinations,
in fact, similar to the lifetime of signal decays, what makes these two components very
hard to disentangle by just using the PDL distribution.

We expect lower masses for partially reconstructed b hadrons than for fully recon-
structed b hadrons, since we neglect additional decay products in the calculation of
the mass. This effect is supported by the data, in Fig. 5.1, where we observe that the
PDL distributions of events in the low sideband and the signal region are very similar.
In order to confirm this observation we generate an inclusive Monte-Carlo sample of
b hadrons with PYTHIA (see Appendix A), forced to decay eventually to a J/1, and
where at least a AY or a Kg is required to be produced in each event (otherwise the
event is rejected). The J/¢ and the A° (or K2) are not required to form a vertex. On
the other hand, in data, we take advantage of the long-lived nature of partially recon-
structed b decays to obtain an enriched sample of fully and partially reconstructed b
hadrons, by requiring A > 100 pm.!

We use the generation information of the Monte-Carlo sample and apply exactly
the same selection that we used for data, except for isolation and vertex quality re-
quirements.? The invariant mass of J/¢ A? and J/ Kg combinations are shown in
Fig. 5.2. We observe more partially reconstructed b hadrons in the BY sample than in
the Ag sample. Therefore, we focus on the B® Monte-Carlo first.

In the B° sample, all partially reconstructed hadrons are distributed at masses

below m(B%) — m(n®) = 5.140 GeV/c?. These decays are of the form

B — J/{K° K*(892), K3°(1430), ...} X, (5.1)
B — {xc(1P),xe22(1P), . }K°X, and (5.2)
Bt —  J/{K° K*0(892), K**(892), K31 (1430),...} X, (5.3)

LOther sources of backgrounds, such as Drell-Yan decays and random muon tracks, are highly
suppressed at large decay times. In practice, these backgrounds cannot be distinguished from directly

produced J/v¢’s and, therefore, all of them contribute to the prompt background component.
?Detector resolution effects are not considered in these studies. However, the Monte-Carlo at gen-

eration level takes into account the propagation of particles through matter and the detector response.
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Figure 5.2: Stacked histograms of the invariant mass of (top) J/¢ A and (bottom)
J/1 K2 combinations in inclusive Monte-Carlo samples (see text). The mass is measured

at generation level.
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5. LIFETIME MEASUREMENT

where X are mainly pions, K3(1430) — {K°r, K*(892)7, K*(892)n, ...}, K*(892) —
K7 (charge conjugation and conservation are obviated), and x.12(1P) generally decays
radiatively to a J/1. Random J/¢ K g combinations are distributed almost evenly over
the full mass region (the K2 originates from the PV or comes from the decay of a b
quark that is different to the quark that gives rise to the J/v). Fully reconstructed
BY —J /¢Kg decays represent the sole component distributed to the right of B —
J/ KY decays. From Ref. [42], the relative production of BY to BY, both decaying
to J/¢ K2, is 0.011 £ 0.002.1 Then, we expect about 60 By — J/¢Kg events in the
BY data sample, which for the lifetime measurement can be disregarded.

In the Ag sample we do not expect a large contribution of partially reconstructed
b hadrons due to conservation of baryon number and kinematic conservation laws.
The DO EvTGEN [43], which decays b and ¢ hadrons in the Monte-Carlo simulation
(see Appendix A), only considers contamination from Ay — x.1(1P)A decays, where
the xc1(1P) decays radiatively. After rescaling f,  a/ua = I'(xaA)/T'(J/¥A) to the
average of T'(xc1 K®)/T(J/¢K?) and T'(x.1 K1) /T(J/1K™T) [1], we expect ~ 76 events
distributed uniformly over 5.15 and ~ 5.355 GeV/c?. We also include A — 9(2s)A°
decays to the simulation, where the 1/(2s) decays to a J/1 and anything else (77, n, 7°).2
Only a small fraction of these decays leaks above 5.15 GeV/c2.

We must stress that the Monte-Carlo gives only a rough estimate of the mass
distribution of partially reconstructed b hadrons; the actual relative composition of the
different components is not accurately known (we are probably missing some decays
too). In any case, we have confirmed that they must be distributed at masses lower
than the fully reconstructed b hadron.

In order to estimate the effect of the finite detector resolution on these decays, we
fit the mass distributions of A) and B° candidates in data satisfying A > 100 pm.

Following [42], we parametrize partially reconstructed b hadrons in the B sample with

!The branching ratio of many of the decays presented here are overestimated by the D@ EvT-
GEN [43] (see Appendix A) in particular those including a xc1,2(1P). The branching ratio of the decay

B? — J/¢K? is about 2.5 times greater than the measured value [42].
2From a preliminary study to search for A) — (2s)A°, ¥(2s) — utpu~, we observed a ratio of

signal events of about 1/10 with respect to A) — J/9A°, J/1 — pFp~, which points to a non-negligible
B(AY — ¥(25)A%).
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5.3 Distribution models and fitting method

an ARGUS function,

2
Flm) = Nm x M x "M (m < mo), (5.4)
0

where N and C are free parameters in the fit representing the normalization and curva-
ture (or decay constant), respectively. To take into account the detector resolution, the
ARGUS function is convoluted with a Gaussian function that shares the same width as
the signal Gaussian peak. The cut-off for partially reconstructed b hadrons is fixed to
mo = 5.140 GeV/c?. The combinatorial background is parametrized by an exponential
function. Fit results are shown in Fig. 5.3 (bottom).! In the A) data sample, we fix
the shape of partially reconstructed b hadrons to the Monte-Carlo and then convolute
this shape with the detector resolution (a Gaussian function sharing the same standard
deviation as the signal mass peak). Results of this fit are shown Fig. 5.3 (top).
Because of the fact that signal and partially reconstructed b hadron decays have
similar PDL distributions that are particularly hard to disentangle in the lifetime fit,
we remove partially reconstructed b hadrons by rejecting events with Ag (B°) invariant
mass below 5.42 (5.20) GeV/c? from the A) (B°) sample. It can be seen from Fig. 5.3

that partially reconstructed b hadrons contribute minimally to the signal mass region.

5.3 Distribution models and fitting method

The method used to measure the Ag lifetime is similar to the previous D@ publica-
tion [10]. In this analysis, the information of the uncertainty on the PDL is taken into
account by the global lifetime fit to avoid possible biases to the lifetime [44]. The same

method is used to obtain the BY lifetime.

5.3.1 Three-dimensional likelihood

In order to extract the lifetimes, we perform separate unbinned maximum likelihood
fits for Ag and B? candidates. The superiority of an unbinned likelihood over a binned

x? fit is already well established.

'In data, apart from random .J /%) K2 combinations, we need to consider fake K2 candidates which,

by definition, are combinatorial and independent of the J/.
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Figure 5.3: Invariant mass distributions for (top) Ay — J/1 A® and (bottom) B® —
J /¢ K2 candidates satisfying A > 100 pum. Fit results are superimposed. Shown are the sig-
nal (dashed curve), combinatorial background (dotted curve), and partially reconstructed
b decays (dashed-dotted curves in the low sideband). In the B® sample, B — J/¢yK2
decays are parametrized by a Gaussian function centered at 5.366 GeV /c? (dashed curve).
Residuals normalized by the corresponding uncertainty in each bin (pulls) are given in the

bottom panel.
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5.3 Distribution models and fitting method

The likelihood function (£) depends on the probability of reconstructing each can-
didate event j in the sample with the mass m;, the proper decay length A; and proper

decay length uncertainty oj)-‘:

L= H[ S(mg, g, ) + (1= ) Fo(my, A, 7). (5.5)
J

where fs is the fraction of signal events and N the total number of events in the
sample. JF is the probability density function (PDF) describing the signal, defined as
the product of the PDF for the mass peak (M;), PDL (Ts) and PDL uncertainty (FEj),

F, = My(M))T5(Aj, 07) Es(07). (5.6)
The background PDF, &, is defined analogously, plus the separation between prompt

(p subscript) and non-prompt (np subscript) contributions,

= [ BMp(M)Ty (0, 0)) + (1= fo) Map(M;) Top(Ns o) | EBo(o). (5.7)

The signal PDL uncertainty PDF (Ej) is set apart from the background PDF (E}) to
avoid biasing the lifetime [44]. We know from previous lifetime analyses [10, 19, 41]
that the main background contribution is prompt, the fraction (f,) being > 70% of the
total background.

5.3.2 Mass model

The mass distribution is modeled by

M(mj) = fsMs(mj) + (1 - fs)Mb(mj)7 (5'8)
where
) = Gl o) = L o—(m—w)2/(202)
M;(my) G(my, p, )—\/ﬁ g : (5.9)
My(my) = fpMp(mj) + (1 — fp) Mpp(my). (5.10)

The mass distribution of the prompt component of the background (M,) is parame-
terized by a constant function, since we observe that the total amount of background

is reduced uniformly over the entire mass range when the requirement A > 100 pm is
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5. LIFETIME MEASUREMENT

applied. The non-prompt component of the background (M,,,) is modeled by an expo-
nential function, as observed using the data satisfying this requirement. All signal and
background mass parameters are free to float in the three dimensional likelihood fit over
the full mass region. Variations of the signal and background shapes are considered as

possible sources of systematic uncertainty.

5.3.3 PDL model

The PDL distribution is modeled by

T(Xj,0}) = fTo(Nj,07) + (1= f)To(Aj, 07), (5.11)
where
9%
Ty(Nj, 0}) = 76 CT®Zf<Z a—Aj,0,8-0)) (x>0), (5.12)
()‘37‘73) T ()‘97‘7]) (1= fp)Tnp(Aj)- (5.13)

Here 7 is the lifetime that we want to extract. The signal exponential decay is con-
voluted with a superposition of Gaussian functions centered at zero that model the
detector resolution (R). The event-per-event uncertainty Ujf\ is scaled by global factors
s; to take into account a possible underestimation of the uncertainty. For the nominal
measurement we consider a single Gaussian function for the resolution, and therefore,

we only use a global factor s:
ef)\§/2(sa';-‘)2

A\
KO o) =
J

(5.14)

We consider two Gaussian functions (two scale factors) for the resolution as a possi-
ble source of systematic uncertainty. The prompt component of the A distribution is

parametrized by the resolution function
TP(Aja S Uj)\) = :R()‘ﬁ S Uj)‘\)a (515)

and the non-prompt component is modeled empirically, as shown in fig. 5.4, by the

superposition of two exponential decays for A < 0 and two exponential decays for
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5.4 Ag and BY lifetime measurements

A > 0, as observed from events in the high-mass sideband:

J%:e/\j//\f + ii:e’\j/’\g (Aj <0)

2
%B—A]-/Af 4 1A ;{2 —H /N (\; > 0)
2

1

All signal and background PDL parameters are free to float in the three dimensional

likelihood fit over the full mass region.

5.3.4 PDL uncertainty model

The PDL uncertainty distribution is modeled by
E(0)) = foBu(0}) + (1= f2) (o)), (5.17)

The signal distribution ES(U;‘) is obtained from Monte-Carlo simulation and param-

eterized by a superposition of Gaussian functions.'

The signal shape is fixed in the
global lifetime fit. The background distribution is modeled by two exponential func-
tions convoluted with a Gaussian function as determined from the high-mass sideband

region in Fig. 5.5:
o (1o - f A B B
Ey(o)) = (76—1/7117 + 76_1/7%) @G(x -0}, ,05) (v>0).  (5.18)
1b 2b

Background uncertainty parameters are free to float in the three dimensional likelihood

fit over the full mass region.

5.4 Ag and B' lifetime measurements

All the events, except for those corresponding to the invariant mass region con-
taminated by partially reconstructed b hadrons, are used in each likelihood fit to de-
termine a total of 19 parameters: lifetime, mean and width of the signal mass, signal

fraction, prompt background fraction, one non-prompt background mass parameter, 7

'"We use the Roofit class RooKeysPdf [45] that implements a one-dimensional adaptive kernel
estimation PDF which model the distribution of an arbitrary input dataset as a superposition of
Gaussian kernels, one for each data point, each contributing 1/N to the total integral of the PDF. The

width of the Gaussian is adaptively calculated from the local density of events.
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5.4 Ag and BY lifetime measurements
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Figure 5.5: PDL uncertainty distributions for (top) AY and (bottom) B° candidates in
the high-mass sideband, above 5.80 and 5.45 GeV/c?, respectively, with fit results super-
imposed.
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5. LIFETIME MEASUREMENT

Table 5.1: Results of the maximum likelihood fit to extract the Ag lifetime.

N | Parameter | Value | Error (—) | Error(+)
1 b (m) 47.8 -3.2 3.6
2 | v (um) 14.1 -0.4 0.4
3 fE 0.132 -0.018 0.021
4 pE (um) 18.6 -0.1 0.2
5 o (um) 3.9 -0.1 0.1
6 fy 0.27 -0.02 0.02
71 Ay (um) 72.2 -6.6 6.8
8 fr 0.03 -0.01 0.01
9 | A (um) | 363.2 -63.7 86.3
10 fi 0.39 -0.03 0.03
11| A (wm) | 435.1 -22.4 23.8
12 | A (um) 79.6 -9.4 10.7
13 s 1.30 -0.02 0.02
14 f 0.70 -0.02 0.02
15 et (pm) 390.7 -22.1 22.9
16 Crp -0.4 -0.1 0.1
17 | 1 (GeV/e?) | 5.619 -0.003 0.003
18 | o (GeV/c?) | 0.041 -0.003 0.003
19 fs 0.070 -0.005 0.005

non-prompt background X parameters, 5 background ¢ parameters, and one resolution

scale factor.

The maximum likelihood fits to the data yield c¢r(AY) = 390.7 & 22.4 pm and
cr(B%) = 452.2 £ 7.6 ym. The numbers of signal events, derived from f;, are 755 & 49
(AY) and 56714126 (BP). Figures 5.6 and 5.7 shows the projections on mass, PDL and
PDL uncertainty obtained from the maximum likelihood fit for Ag and B° candidates,

respectively. Tables 5.1 and 5.2 report the values of all floating parameters.
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and o (bottom) distributions for AY candidates. Events in mass regions contaminated with

partially reconstructed b hadrons (hatched region) are excluded from the fit.
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5.4 Ag and BY lifetime measurements

Table 5.2: Results of the maximum likelihood fit to extract the BO lifetime.

N | Parameter | Value | Error (—) | Error(+)
1 b (m) 46.0 -2.6 2.8
2 | v (um) 13.7 -0.3 0.3
3 fE 0.107 -0.013 0.014
4 pE (um) 17.4 -0.1 0.1
5 o (um) 3.8 0.1 0.1
6 fy 0.25 -0.01 0.01
71 Ay (um) 95.5 9.9 8.5
8 fr 0.03 -0.01 0.01
9 | A (um) | 379.2 -67.9 88.6
10 fi 0.36 -0.04 0.04
11| Af (um) 383.2 -23.3 27.3
12 | A (um) 113.0 -13.1 14.2
13 s 1.32 -0.01 0.01
14 fo 0.71 -0.01 0.01
15| er (um) 452.2 7.5 7.7
16 Crp -1.3 -0.2 0.2
17 | 1 (GeV/e?) | 5.278 -0.001 0.001
18 | o (GeV/c?) | 0.043 -0.001 0.001
19 fs 0.217 -0.005 0.005
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5. LIFETIME MEASUREMENT

5.5 Systematic uncertainties

5.5.1 Alternative fit models

We investigate possible sources of systematic uncertainties on the measured lifetimes

related to the models used to describe the mass, A, and ¢ distributions.

5.5.1.1 Mass models

For the mass we consider a double Gaussian to model the signal peak instead of the

nominal single Gaussian (Eq. 5.9):
M;(m;) = 1G(my, p,01) + (1 = g1)G(my, 1, 02). (5.19)

For the prompt background we use an exponential function in place of a constant
function (as is done for the nominal non-prompt model). And for the non-prompt
background we replace the nominal exponential decay by a second order polynomial
(as was done in the previous DO analysis [10]).

The alternative mass models are combined in a single maximum likelihood fit to take
into account correlations between the effects of the different models, and the difference
with respect to the result of the nominal fit is quoted as the systematic uncertainty on

the mass model.

5.5.1.2 PDL models

For the PDL we study the following variations:

e The introduction of a second Gaussian function along with a second scale factor

to model the resolution.

e The exponential functions in the non-prompt background replaced by exponen-

tials convoluted with the resolution function.

e We use only one A < 0 exponential to model the negative non-prompt background

instead of two.
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5.5 Systematic uncertainties

e We use only one long A > 0 exponential (which is a reasonable model after
removing partially reconstructed b hadrons) together with a double-Gaussian res-
olution (two scale factors) as a substitute for two non-prompt exponentials and

one Gaussian resolution.

All PDL model changes are combined in a fit, and the difference between the results
of this fit and the nominal fit is quoted as the systematic uncertainty due to PDL

parametrization.

5.5.1.3 PDL uncertainty models

For the PDL uncertainty we use two different approaches:

1. The signal distribution is extracted from data by background subtraction, pa-
rameterized similarly to the nominal background ¢* model, instead of the Monte-

Carlo model.

2. We use the distributions obtained from signal Monte-Carlo samples generated

with different AY (BP) lifetimes.

The largest variation in the lifetime (with respect to the nominal measurement)
between these two alternative approaches is quoted as the systematic uncertainty due

to o parametrization.

5.5.2 B backgrounds

Residual effects due to contamination from partially reconstructed b hadrons in
the samples are investigated by changing the requirement on the invariant mass of the
AY and BY candidates that are included in the likelihood fits: the threshold is moved to
lower (higher) invariant masses by 40 (20) MeV /c?, where 40 MeV /c? is the resolution
on the invariant mass of the reconstructed signal. The largest variation in the lifetime
is quoted as the systematic uncertainty due to possible contamination from partially
reconstructed b hadrons.

The contamination from the fully reconstructed decay B? — .J/ Qj)Kg is assumed to

have little impact on the final result, and is disregarded in the nominal BY lifetime fit.
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5. LIFETIME MEASUREMENT

To test this assumption the B? — J/ ¢Kg contribution is included in the non-prompt
component, constraining the relative B?/BY production to 0.0109 & 0.0011 [42]! and
fixing the BY lifetime to the evaluated value of the B? CP-odd lifetime component [1].
The lifetime shift is found to be negligible.

5.5.3 Alignment

The systematic uncertainty due to the alignment of the SMT detector was estimated
in a previous study [10] by reconstructing the B® sample with the positions of the SMT
sensors shifted outwards radially by the alignment uncertainty (this configuration is

thought to be the worst case scenario) and then fitting for the lifetime.

5.5.4 Summary of systematic uncertainties

Table 5.3 summarizes the systematic uncertainties of the Ag and B lifetime mea-
surements. The uncertainties due to mass, PDL and uncertainty models, possible
contamination of partially reconstructed b decays, By — J/1¢Kg contamination and

alignment are treated as uncorrelated and added in quadrature.

5.6 Consistency checks

5.6.1 Data split

5.6.1.1 Epochs

Table 5.4 presents the results of the BY and Ag lifetimes after dividing the data
in the two main detector epochs, Run Ila and Run IIb. The large BY sample allows
(with no convergence problems in the fits) to subdivide the data in Run IIb1-2 and
Run IIb3-4. All these results are statistically consistent.

5.6.1.2 Central/forward

The data are divided into central and forward, defined as |n(p'®®d)| < 1 and > 1,
respectively. The fits return c7(AY)[central] = 399.4+33.7 pm and c7(AD)[forward] =

We have corrected this fraction to take into account the rejection of B° candidates due to low

mass limit.

78



5.6 Consistency checks

| €200 | 6721 P01 | 301,
¢00°0 ¥4 v'a JUSWUSI[Y
100°0 70 - SSP/r < 5 &
[00°0 T LG A:oﬁwgww EEEVEEV SUOIPRY § POJONIISUOIAL A[[RI)IR] %
G000 ST ¢1 AmeL SUOIPRY § POJONIISUOIDL A[[RILIR]
800°0 11 LG (0—) suoIper q PaYONIISUOIDI A[[RI)IR]
¢€0'0 911 g8 s[epour 1e30],
0200 6’8 G'C (UOTyRIAGD WNWIIXRU) [9POW AjUre)Iooun T(Id
020°0 6'S 1 (pejorIiqns punoisdyor() ppow Ajurereoun TqdJ
900°0 00 GC (O[1eD)-PJUOTN UT SWIIBJI[) [PPOW AJUTRLIOUN T(IJ
7200 L€ 3L PpPoW Tad
8000 79 rard [opout ssey

7 oryey 7 (wrl) g 7 () dy 7 901N0g

"SOTJUTRYIOOUN [RI0] O} UTR)qO 0} dINJRIPEND Ul POUIqUIOD 9IR , [IIM PayIeu

SOTIUTRYIOOU() "OIYRI 1191} U0 pue ‘(g )L2 pue (Jy)Lo Jo sjusuramsesut o7} WO SOIJUIRLISIUN D1JRWD)SAS Jo Aremuming :¢*g 9[qeT,

79



5. LIFETIME MEASUREMENT

Table 5.4: A) and B lifetimes in Run ITa and Run IIb. The B? sample is subdivided in
Run IIb1-2 and Run IIb3-4.

Epoch | or(A)) (um) | er(B) (um)
Run ITa | 346.1 +46.1 (stat) | 480.4 £ 19.4 (stat)
456.6 + 12.6 (stat)
451.6 + 12.3 (stat)

Run IIb | 416.8 + 25.2 (stat)

387.4 + 28.9 pm. These results are statistically consistent.

5.6.1.3 SMT hits

A% and Kg are long-lived particles that, most likely, decay after the SMT (beyond
10.5 cm). Hence, there is no detection requirement on the SMT for protons and pions.
From Monte-Carlo simulations, we find that the signal is reduced ~ 50% if we demand

SMT hits. As a crosscheck, we repeat the lifetime fits for:
e Exactly 0 SMT hits for protons and pions:
er(A)) = 349.4+46.8 pm,
er(BY) = 4493 +14.2 ym.
e More than 0 SMT hits for protons and pions:
er(A)) = 423.4+24.8 ym,
er(BY) = 450.849.5 um.

In both decay channels, results are statistically consistent.

5.6.2 Lifetime measurement in Monte-Carlo samples

In order to show that the reconstruction does not create any lifetime bias, we
performed lifetime fits on samples of Monte-Carlo, with known generated lifetime, and
passed through the full detector simulation and same reconstruction algorithm as in
data. Results of this study are shown in figs. 5.8 and 5.9, displaying excellent agreement

between the measured lifetimes and input values.
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Table 5.5: AY and BY lifetimes fits removing all requirements in the optimization process

one at a time.

Requirement cr(BY) (um) | 7 (AY) (pm)
Nominal 452.2 & 7.6 | 390.7 4 22.4

Allow multiple candidates/event 451.7 £ 7.6 | 390.2 &+ 224
No A%/K} collinearity cut 448.3 £ 7.4 | 388.5 £ 22.2
No A%/K? distance and significance cut | 454.6 + 7.6 | 390.5 + 22.0
No Isolation cut 449.6 = 7.4 | 394.1 + 224

No pr(J/v) cut 452.6 & 7.6 | 391.6 & 22.3

No vertex x*(AY/B°) cut 455.1 4+ 7.7 | 387.1 4 22.7
No pr threshold cut 448.3 +£ 7.5 | 390.0 + 23.3
pr(A°/K2) > 1.6 GeV/c 441.5 4 7.0 | 397.3 & 23.0
pr(A°/K2) > 2.0 GeV/c 453.5 + 7.9 | 387.7 4+ 22.9
pr(A°/K2) > 2.4 GeV/c 447.0 + 8.7 | 401.8 + 24.1

5.6.3 Optimization procedure

In order to check that the optimization procedure does not give a potential bias to
the selection, we verify that our results remain stable when all requirements in variables
used in the optimization process are removed one at a time, when looser and tighter
requirements are applied to kinematic variables, and when multiple candidates that
pass all selection requirements per event are allowed. All results obtained with these
variations are consistent with our measurement. Table 5.5 shows the results of these

studies.

5.6.4 PDL uncertainty high-end tail

We study the effect of removing events with large PDL uncertainty. From Figs. 5.6
and 5.7 we observe that the high-end tail of PDL uncertainty plots mostly contain
background events. Table 5.6 shows that the lifetime measurements stay stable after

removing this tail.
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Table 5.6: A) and BY lifetimes fits removing the PDL uncertainty high-end tail.

Cmaz (pn) | er(BY) (um ) | er(A9) (sm)
100 452.0 £ 7.5 391.3 &+ 22.2
150 4529 +£ 7.6 391.8 4+ 22.3
200 453.0 £ 7.6 391.0 &+ 22.4
300 4522 + 7.6 390.7 + 224

5.6.5 Toy Monte-Carlo

We perform pseudo-experiments studies, generating events according to the three
dimensional likelihood function, including signal and background components, and us-
ing the fit results in Tables 5.1 and 5.2. The size of each sample is the same that
we have in data. We generate and fit 1000 samples for each decay channel, as shown
in Fig. 5.10 and 5.11. From these studies we do not observe any bias in the lifetime
measurement. We also conclude that the statistical uncertainties obtained from the fit

to the data are reasonable.

5.6.6 Lifetime measured in bins of PDL

An alternative and independent method to determine the Ag and B lifetimes is to
split the sample in bins of PDL. The mass distribution in each of these subsamples is
fitted using a Gaussian (signal) and an exponential (background) function, as shown in
Figs. 5.12 and 5.13. Table 5.7 gives the yields summary. Then, the lifetime is obtained
by minimizing

i

X* = Z W, (5.20)

(2

2
Nyins <nz(m) — n(€)>
where nz(-m) + ¢(™ and nz(-e) are the measured and expected number of signal events in
each bin, respectively. Also,

() = NS/TS()\)d)\, (5.21)
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Table 5.7: Signal yields in PDL bins.

PDL range (cm) | B signal events | A} signal events
[—0.04, —0.02] 094+ 1.0 -
[—0.02,0.00] 109.7 £+ 53.2 69.4 + 39.9
[0.00,0.02] 1665.3 + 87.8 235.6 + 42.1
[0.02,0.04] 1235.6 4+ 44.6 182.6 4+ 20.3
[0.04, 0.06] 781.7 + 34.3 86.9 + 12.8
[0.06, 0.08] 537.8 £ 28.9 72.1 + 11.7
[0.08,0.10] 341.4 4+ 224 41.8 + 9.9
[0.10,0.12] 192.8 + 16.3 20.8 £ 6.3
[0.12,0.14] 124.0 £ 12.9 9.9 +£4.8
[0.14,0.16] 77.9 + 10.9 139 £ 4.9
[0.16,0.18] 48.1 £ 8.1 6.8 £ 3.2
[0.18,0.20] 41.0 £ 7.1
[0.20,0.22] 28.1 + 6.1 -
0.22,0.24] 16.1 + 5.2
[0.24,0.26] 16.1 + 4.2
[0.26,0.28] 8.6 £ 3.5
[0.28,0.30] 35+ 2.1 -

where the integration is made within the i-th bin range, Ny is the total number of signal
events and Ts()\) is defined by

1 .
T\ = —e7 ®/G(m —\,0,5-0")Es(c?)do?. (5.22)

The PDL uncertainty distribution for signal events, Fj, is obtained from Monte-Carlo.
Ny, et and s are floating parameters in the x? fit.

The results of this study are c7(A9) = 391.4+35.8 (stat.) um and c7(BY) = 458.3+
8.9 (stat.) pm, and the PDL projections are shown in fig. 5.14. While this counting
method is statistically inferior with respect to the maximum likelihood fit, it is also
less dependent on the modeling of the different background components. Results are

in good agreement between the two methods.
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Chapter 6

Conclusions and perspectives

Using the full data sample collected by the DO experiment, we measure the lifetime

of the A baryon in the J/¢A° final state to be

cT(AY) = 390.7 + 22.4 (stat.) +10.4 (syst.) pm, (6.1)
7(AY) = 1.303 £ 0.75 (stat.) £ 0.035 (syst.) ps, (6.2)

consistent with the previous D@ measurement of the AY lifetime, 365.1 7371 (stat.) +
12.7 (syst.) pm [10], and the world average, 427.2 £ 9.6 pum (1.425 4+ 0.032 ps) [1].
The method to measure the Ag lifetime is also used for B — J /1) Kg decays, for

which we obtain

cr(BY) = 452.2 4 7.6 (stat.) & 12.9 (syst.) pm, (6.3)
7(B°) = 1.508 + 0.025 (stat.) + 0.043 (syst.) ps, (6.4)

in good agreement with the world average, 455.4 + 2.1 pm (1.519 + 0.007 ps) [1].

We find that there is a real deficit of signal events of nearly 35% in the most recent
D@ data with respect to the Run Ila data used in the previous D@ measurement of the
AY lifetime [10]. We believe this observation is important since it gives an explanation
for the fail in observing significant signals of the Z;” and €2,” baryons in the D& Run IIb
data, which have even lower reconstruction efficiencies due to additional tracks in the

final state.
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Using these measurements we calculate the ratio of lifetimes,

T(AD)

7(BY)

where the systematic uncertainty is determined from the differences between the lifetime

= 0.864 = 0.052 (stat.) +0.033 (syst.), (6.5)

ratio obtained for each systematic variation and the ratio of the nominal measurements,
and combining theses differences in quadrature, as shown in Table 5.3. Our result,
0.86 £+ 0.06, is in good agreement with the HQE prediction of 0.88 + 0.05 [8] and
compatible with the current world-average, 1.00 & 0.06 [1], but differs with the latest
measurement of the CDF Collaboration, 1.02 £ 0.03 [7], at the 2.2 standard deviations
level.

Our measurements supersede the previous D@ results of 7(AY), 7(B°) and their
ratio [10]. These results [46] were published in Physical Review D on June 7, 2012 (see
Appendix B).

Perspectives

There remains disagreement among the experimental values of the Ag lifetime and
further measurements are required to resolve this puzzle. However, after the definitive
shutdown of the Fermilab Tevatron Collider, we have probably achieved the most precise
possible measurement of the Ag lifetime allowed by the D@ detector. Our result can
be combined with a measurement of the Ag lifetime using semileptonic decays. This
analysis entails further difficulties, related to the mis-reconstructed Ag momentum and
the poor knowledge of the fractions of all possible background and signal decays, that
we believe lead to larger systematic uncertainties.

The new experiments at CERN also offer the possibility to measure the A(b) lifetime
in the exclusive decay Ag — J/¢ A°. In particular, the author of this thesis is a
member of the CMS Collaboration. The CMS experiment has observed 1,200 A(g signal
candidates in 1.2 fb~! of pp collisions [51], and it is now possible to analyze more than
5 fb~1. All tools, background studies and methods developed in our analysis can be
applied directly on CMS data, with one subtle exception: unlike DO triggers, CMS

triggers introduce biases in the lifetime measurement that must be corrected. The
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evolution of the trigger requirements and its implementation in the analysis represents
a major challenge for any b hadron lifetime measurement.

There are other interesting properties of the Ag baryon, and in general of b baryons,
that we did not have the time study and that still remain unknown. These studies can

be performed using either D@ or CMS data:

e Measurement of the A} polarization [52]. A five-dimensional angular analy-
sis is used to extract the value of the Ag polarization which appears in the Ag spin
density matrix:

p:%<1+5'ﬁ>. (6.6)

We have already implemented the Monte-Carlo simulation of this decay in the
D@ framework [2].

e Lifetime of heavier baryons. The extraction of the =, and Q,  lifetimes is
feasible in semileptonic decays using D@ data, and in fully and partially recon-

structed decays in CMS.

e Direct CP violation tests in A) decays [53]. A counting experiment is used
to extract the asymmetry between Ag — f and ]\2 — f, where f is any final
state. In contrast to B mesons, CP violation in mixing is forbidden in baryons

because of baryon number conservation.

e Search for time reversal violation [54]. This is an interesting topic that

complements CP violation studies and tests the validity of the CPT theorem.
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Appendix A

Monte-Carlo simulation

For all Monte-Carlo (MC) simulations in this work, we use PYTHIA [47] 6.409 to
simulate the pp collisions, EVTGEN [43] for modeling the decay of particles containing b
and ¢ quarks, and GEANT3 [48] to model the detector response. Multiple pp interactions
are modeled by overlaying hits from random bunch crossings onto the MC. More details
are given in this appendix.

PvyTHIA simulates the pp collisions and generates the full event using the D@ Tune A
and CTEQG6L [49] parton distributions functions. In PYTHIA we use the selector
MSEL = 5 [47] to enable (in fact, select) the generation of bb quark pairs with mas-
sive matrix elements: ¢;g — bb, gg — bb, gy — bb, vy — bb and secondary decays
of gauge bosons. Heavy quarks can also be present in the parton distributions at the
Q? scale of the hard interaction, leading to processes like qg — bg (initial state radia-
tion can produce the other b quark), called flavour excitation, or they can be created
by gluon splittings ¢ — bb. The two last processes are disabled in MSEL = 5. After
hadronization, b hadrons are manually set stable. The rest of the particles can suffer
fragmentation (creation of new quark-antiquark pairs) and decay.

EVTGEN was used to decay the b (and ¢) hadrons. It implements specialized models
according to the properties of the hadron, such as models for semileptonic decays, CP-
violating decays and spin correlations. For the decay Ag — J/1 A°, we use a phase
space model, and for J/¢ — pTu~ a vector to lepton-lepton model (see PHSP and
VLL in Ref. [43]). The PHOTOS [50] routine allows QED photon radiative corrections

for muons. Same models are used to decay B® — J/1 Kg. For signal decays, the
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branching ratio of AY — J/¢ A% B® — J/v K2, and J/1 — pTp~ decays are set to 1
to increase the signal reconstruction efficiency. On the other hand, A? and Kg are long
lived particles that decay far away the primary interaction, so they cannot be forced to
decay to a specific channel. They are decayed by GEANT that implements the geometry
and material composition of the D@ detector. In a step before the detector simulation,
we limit our sample to events that contain two oppositely charged muons decaying from
a J/1, in the fiducial region pr(u*) > 1 GeV and |n(u)| < 2.5.

After the detector response simulation by GEANT3, we use the D@SIM program
to simulate the digital signals in the detector. In this stage, random bunch crossings
are overlaid onto the MC, which include low-momentum particles that enter the de-
tector, in addition to the particles generated by PyTHIA. Finally, same as with data,
D@RECO performs the event reconstruction. In a second DORECO pass, we implement
the extended AATRACK reconstruction (see section 4.2.1).

In total, we generate more than 200,000 A) — J/¢(u™p™)A® and 200,000 B® —
J/p(utp™)KY decays per detector epoch (Run Ila and Run IIbl-3) to model the
proper decay length uncertainty distribution of Ag and B° decays, and for efficiency
and bias studies.! We also generate more that 2 million events of inclusive J/1 + AY or
J/ + K2 events (J/1¢ and A° or K2 do not necessarily form a vertex) in bb production
(MSEL = 5) for background studies. After the extended reconstruction, we apply the

same decay reconstruction algorithm and selection criteria that we follow in data.

'Run IIb4 samples were not available by the time we concluded the analysis.
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Appendix B

Published paper

The Physical Review D [46] reporting the results shown in this thesis is presented in
the following pages. The letter (e-mail) from the American Physical Society notifying

the online publication of our article is shown below.

from: American Physical Society online_publication@aps.org via fnal.gov
to: iheredia@fnal.gov
date: Thu, Jun 7, 2012 at 2:27 PM
subject: Notification of Online Publication of Your Article in
Phys. Rev. D [DRR1055D]

Dear Dr. La Cruz,

We are pleased to inform you that your article, "Measurement of the
$\Lambda_b~0$ lifetime in the exclusive decay $\Lambda_b~0 \rightarrow
J/\psi \Lambda"0$ in $p\bar{p}$ collisions at $\sqrt{s}=1.96$% TeV" has
been published online today, 07 June 2012, in the 1 June 2012 issue of
Physical Review D (Vol.85, No.11):

URL: http://link.aps.org/doi/10.1103/PhysRevD.85.112003
DOI: 10.1103/PhysRevD.85.112003

Thank you for choosing to publish with the American Physical Society.

Respectfully yours,
Physical Review D
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Lifetime measurements of particles containing b quarks
provide important tests of the significance of strong inter-
actions between the constituent partons in the weak decay
of b hadrons. These interactions produce measurable dif-
ferences between b hadron lifetimes that the heavy quark
expansion (HQE) [1] predicts with good accuracy through
the calculation of lifetime ratios. While the agreement of
the ratios between experimental measurements and HQE is
excellent for B mesons [2], there are remaining discrep-
ancies between experimental results and theoretical pre-
dictions for b baryons. Recently, the CDF Collaboration
[3] used the exclusive decay A — J/ AP to report the
single most precise determination of the A2 lifetime which
is more than 2 standard deviations higher than the world
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We measure the AY) lifetime in the fully reconstructed decay A9 — J/¢A° using 10.4 fb~! of pp
collisions collected with the DO detector at /s = 1.96 TeV. The lifetime of the topologically similar
decay channel B — J/K? is also measured. We obtain 7(A9) = 1.303 = 0.075(stat) = 0.035(syst) ps
and 7(B%) = 1.508 = 0.025(stat) = 0.043(syst) ps. Using these measurements, we determine the lifetime
ratio of 7(AY)/7(B") = 0.864 + 0.052(stat) = 0.033(syst).

PACS numbers: 14.20.Mr, 13.25.Hw, 13.30.Eg, 14.40.Nd

average [4] and slightly higher than the B lifetime. The
CDF measurement of the lifetime ratio, 7(A9)/7(BY), is
higher than the HQE calculation including O(1/mj})
effects, 0.88 = 0.05 [5,6]. On the other hand, theoretical
predictions are in agreement with measurements by the DO
Collaboration in the J/¢A° [7] and semileptonic [8]
channels, by the CDF Collaboration in the A} 7~ final
state [9], by the DELPHI, OPAL, and ALEPH
Collaborations in semileptonic decays [10-12], and pre-
vious measurements also in semileptonic channels by the
CDF Collaboration [13]. More measurements of the A‘;
lifetime and of the ratio 7(A9)/7(B°) are required to re-
solve this discrepancy.

In this article we report a measurement of the A life-
time using the exclusive decay A) — J/yA°. The B°
lifetime is also measured in the topologically similar chan-
nel B® — J/ ¢ K9. This provides a cross-check of the mea-
surement procedure, and allows the lifetime ratio to be
determined directly. The data used in this analysis were
collected with the DO detector during the complete Run II
of the Tevatron Collider, from 2002 to 2011, and corre-
spond to an integrated luminosity of 10.4 fb~! of pp
collisions at a center-of-mass energy /s = 1.96 TeV.

A detailed description of the DO detector can be found in
Refs. [14-17]. Here, we describe briefly the most relevant
detector components used in this analysis. The DO central
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tracking system is composed of a silicon microstrip tracker
(SMT) and a central scintillating fiber tracker (CFT) im-
mersed in a 2 T solenoidal field. The SMT and the CFT are
optimized for tracking and vertexing for the pseudorapidity
region || < 3.0 and |n| < 2.0, respectively, where 1 =
— In[tan(#/2)] and @ is the polar angle with respect to the
proton beam direction. Preshower detectors and electro-
magnetic and hadronic calorimeters surround the tracker.
A muon spectrometer is located beyond the calorimeter, and
consists of three layers of drift tubes and scintillation trigger
counters covering | 7] < 2.0. A 1.8 T toroidal iron magnet is
located outside the innermost layer of the muon detector.

For all Monte Carlo (MC) simulations in this article, we
use PYTHIA [18] to simulate the pp collisions, EVTGEN [19]
for modeling the decay of particles containing b and ¢
quarks, and GEANT [20] to model the detector response.
Multiple pp interactions are modeled by overlaying hits
from random bunch crossings onto the MC.

In order to reconstruct the A9 and B candidates, we
start by searching for J/ ¢ — u* u~ candidates, which are
collected by single muon and dimuon triggers. The triggers
used do not rely on the displacement of tracks from the
interaction point. At least one pp interaction vertex (PV)
must be identified in each event. The interaction vertices
are found by minimizing a y? function that depends on all
reconstructed tracks in the event and uses the transverse
beam position averaged over multiple beam crossings. The
resolution of the PV is = 20 um in the plane perpendicular
to the beam (transverse plane). Muon candidates are re-
constructed from tracks formed by hits in the central
tracking system and with transverse momentum (p7)
greater than 1 GeV/c. At least one muon candidate in
the event must have hits in the inner layer, and in at least
one outer layer of the muon detector. A second muon
candidate, with opposite charge, must either be detected
in the innermost layer of the muon system or have a
calorimeter energy deposit consistent with that of a
minimum-ionizing particle along the direction of hits ex-
trapolated from the central tracking system. Each muon
track is required to have at least two hits in the SMT and
two hits in the CFT to ensure a high quality common vertex.
The probability associated with the vertex fit must exceed
1%. The dimuon invariant mass is required to be in the range
2.80-3.35 GeV/c?, consistent with the J/ mass.

Events with J/¢ candidates are reprocessed with a
version of the track reconstruction algorithm that identifies
with increased efficiency the low p; and high impact
parameter tracks resulting from the decay of A° and K9
[21], without introducing any biases in the decay time
distribution. We then search for A° — pz~ candidates
reconstructed from pairs of oppositely charged tracks.
The tracks must form a vertex with a probability associated
with the vertex fit greater than 1%. The transverse impact
parameter significance (the transverse impact parameter
with respect to the PV divided by its uncertainty) for the
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two tracks forming A° candidates must exceed 2, and 4 for
at least one of them. Each A candidate is required to have
a mass in the range 1.105-1.127 GeV/c?. The track with
the higher pr is assigned the proton mass. MC simulations
indicate that this is always the correct assumption, given
the track p; detection threshold of 120 MeV/c. To sup-
press contamination from decays of more massive baryons
such as 2% — A%y and E° — A°#°, the A° momentum
vector must point within 1° back to the J/¢ vertex. The
same selection criteria are applied in the selection of Kg —
7+~ candidates, except that the mass window is chosen
in the range 0.470-0.525 GeV/c? and pion mass assign-
ments are used. Track pairs simultaneously reconstructed
as both A° and Kg, due to different mass assignments to the
same tracks, are discarded from both samples. This re-
quirement rejects 23% (6%) of the A) — J/¢rA° (B —
J/ a,ng) signal, as estimated from MC, without introduc-
ing biases in the lifetime measurement. The fraction of
background rejected by this requirement is 58% (48%) as
estimated from data. It is important to remove these back-
grounds from the samples to avoid the introduction of
biases in the lifetime measurements.

The AY candidates are reconstructed by performing a
kinematic fit that constrains the dimuon invariant mass to
the world average J/ i mass [4], and the A and two muon
tracks to a common vertex, where the A° has been ex-
trapolated from its decay vertex according to the recon-
structed A° momentum vector. The invariant mass of the
AY candidate is required to be within the range
5.15-6.05 GeV/c?. The PV is recalculated excluding the
A(IZ final decay products. The final selection requirements
are obtained by maximizing S = S/+/S + B, where S (B)
is the number of signal (background) candidates in the data
sample: the decay length of the A° (measured from the A9
vertex) and its significance are required to be greater than
0.3 cm and 3.5, respectively; the py of the J/ 4, A°, and A°
daughter tracks are required to be greater than 4.5, 1.8, and
0.3 GeV/c, respectively; and the isolation of the Ag [22] is
required to be greater than 0.35. After this optimization, if
more than one candidate is found in the event, which
happens in less than 0.3% of the selected events, the
candidate with the best A decay vertex fit probability is
chosen. We have verified that this selection is unbiased by
varying the selection values chosen by the optimization as
described in more detail later. The same selection criteria
are applied to B — J/K? decays, except that the B’
mass window is chosen in the range 4.9-5.7 GeV/c?.

The samples of AY) and B° candidates have two primary
background contributions: combinatorial background and
partially reconstructed b hadron decays. The combinatorial
background can be divided in two categories: prompt
background, which accounts for = 70% of the total back-
ground, primarily due to direct production of J/ ¢ mesons;
and nonprompt background, mainly produced by random
combinations of a J/ meson from a b hadron and a A°
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(Kg) candidate in the event. Contamination from partially
reconstructed b hadrons comes from b baryons (B mesons)
decaying to a J/ 4 meson, a A° baryon (Kg meson), and
additional decay products that are not reconstructed.

We define the transverse proper decay length as A =
cMLXy/ pr, where M is the mass of the b hadron taken
from the PDG [4], and L,, is the vector pointing from the
PV to the b hadron decay vertex projected on the b hadron
transverse momentum (p7) direction. Because of the fact
that signal and partially reconstructed » hadron decays
have similar A distributions that are particularly hard to
disentangle in the lifetime fit, we remove partially recon-
structed b hadrons by rejecting events with A9 (B%) invari-
ant mass below 5.42(5.20) GeV/c? from the AY (B?)
sample, as shown in Fig. 1. This figure shows the Ag and
B invariant mass distributions with results of unbinned
maximum likelihood fits superimposed, excluding events
in zones contaminated by partially reconstructed b had-
rons. The signal peak is modeled by a Gaussian function.
The combinatorial background is parametrized by an ex-
ponentially decaying function, while partially recon-
structed b hadrons are derived from MC. It can be seen
from Fig. 1 that partially reconstructed b hadrons contrib-
ute minimally to the signal mass region.

In order to extract the lifetimes, we perform separate
unbinned maximum likelihood fits for A and B° candi-
dates. The likelihood function (L) depends on the proba-
bility of reconstructing each candidate event j in the
sample with the mass m;, the proper decay length A;, and
proper decay length uncertainty Uf‘:

L= l_[[fxfs(mj: Aj, 0'?) +(1 _fx)fb(mj, Aj, 0'}\)], (1
J

where f is the fraction of signal events, and F; ([F,) is the
product of the probability distribution functions that model
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each of the three observables being considered for signal
(background) events. The background is further divided
into prompt and nonprompt components. For the signal, the
mass distribution is modeled by a Gaussian function; the A
distribution is parametrized by an exponential decay,
e~/ ¢7/cr, convoluted with a Gaussian function R =

e N/ 2sa; )z/ \/2_77'}0'? that models the detector resolution;
the o* distribution is obtained from MC simulation and
parametrized by a superposition of Gaussian functions. Here
7 is the lifetime of the » hadron, and the event-by-event
uncertainty a';-‘ is scaled by a global factor s to take into
account a possible underestimation of the uncertainty. The
mass distribution of the prompt component of the background
is parameterized by a constant function, since we observe that
the total amount of background is reduced uniformly over the
entire mass range when the requirement A > 100 um is
applied. The nonprompt component of the background is
modeled by an exponential function, as observed using the
data satisfying this requirement. The prompt component of
the A distribution is parametrized by the resolution function,
and the nonprompt component by the superposition of two
exponential decays for A < 0 and two exponential decays for
A > 0, as observed from events in the high-mass sideband of
the b hadron peak (above 5.80 and 5.45 GeV/c? for AY and
BY, respectively). Finally, the background o distribution is
modeled by two exponential functions convoluted with a
Gaussian function as determined empirically from the high-
mass sideband region. All the events, except for those corre-
sponding to the invariant mass region contaminated by par-
tially reconstructed b hadrons, are used in each likelihood fit
to determine a total of 19 parameters: lifetime, mean, and
width of the signal mass, signal fraction, prompt background
fraction, one nonprompt background mass parameter, seven
nonprompt background A parameters, five background o*
parameters, and one resolution scale factor.

(a) D@, 10.4 o (b) D@, 10.4fbo"
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= — Data fit — Data fit
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% $ + J‘, [ *H ‘ structed b hadrons é’ structed b hadrons
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FIG. 1 (color online). Invariant mass distributions for (a) A) — J/#A° and (b) B® — J/4K? candidates, with fit results super-
imposed. Events in mass regions contaminated with partially reconstructed » hadrons (hatched region) are excluded from the
maximum likelihood function used to determine the A{) and B° lifetimes.
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FIG. 2 (color online). Proper decay length distributions for (a) A9 — J/¢A° and (b) B — J/K? candidates, with fit results
superimposed. Residuals normalized by the corresponding uncertainty in each bin are given in the bottom panel.

The maximum likelihood fits to the data yield
c7(A9)=390.7x22.4 um and c7(B°)=452.2+7.6 um.
Figure 2 shows the A distributions for the A9 and the B°
candidates. Fit results are superimposed. The numbers of
signal events, derived from f, are 755 = 49 (Ag) and
5671 = 126 (B®). The ratios of the event yields in this
and in the previous measurement [7] do not scale with
the integrated luminosity because the most recent DO
data was collected at higher instantaneous luminosities,
which required tighter, and less efficient, trigger require-
ments and also resulted in a reduction of the reconstruction
efficiency caused by the presence of multiple interactions
in a single bunch crossing.

We investigate possible sources of systematic uncertain-
ties on the measured lifetimes related to the models used to
describe the mass, A, and o distributions. For the mass we
consider a double Gaussian to model the signal peak
instead of the nominal single Gaussian, an exponential
function for the prompt background in place of a constant
function, and a second-order polynomial for the nonprompt
background. The alternative mass models are combined in
a single maximum likelihood fit to take into account cor-
relations between the effects of the different models, and
the difference with respect to the result of the nominal fit is
quoted as the systematic uncertainty on the mass model.
For A we study the following variations: the introduction of
a second Gaussian function along with a second scale
factor to model the resolution, the exponential functions
in the nonprompt background replaced by exponentials
convoluted with the resolution function, one nonprompt
negative exponential instead of two, and one long positive
exponential together with a double-Gaussian resolution as
a substitute for two nonprompt exponentials and one
Gaussian resolution. All A model changes are combined
in a fit, and the difference between the results of this fit and

the nominal fit is quoted as the systematic uncertainty due
to A parametrization. For o* we use two different ap-
proaches: we use the distribution extracted from data by
background subtraction, parameterized similarly to the
nominal background o} model, instead of the MC model,
and we use o distributions from MC samples generated
with different AY (B®) lifetimes. The largest variation in
the lifetime (with respect to the nominal measurement)
between these two alternative approaches is quoted as the
systematic uncertainty due to o parametrization. Residual
effects due to contamination from partially reconstructed b
hadrons in the samples are investigated by changing
the requirement on the invariant mass of the A) and B’
candidates that are included in the likelihood fits: the
threshold is moved to lower (higher) invariant masses by
40(20) MeV/c?, where 40 MeV/c? is the resolution on the
invariant mass of the reconstructed signal. The largest
variation in the lifetime is quoted as the systematic uncer-
tainty due to possible contamination from partially recon-
structed b hadrons. In the lifetime fit the contamination
from the fully reconstructed decay BY — J/¢K? is as-
sumed to have little impact on the final result. To test this
assumption the B — J/¢ K contribution is included in
the nonprompt component. The lifetime shift is found to be
negligible. The systematic uncertainty due to the alignment
of the SMT detector was estimated in a previous study [7]
by reconstructing the B sample with the positions of the
SMT sensors shifted outwards radially by the alignment
uncertainty and then fitting for the lifetime. The systematic
uncertainties are summarized in Table 1.

We perform several cross-checks of the lifetime mea-
surements. We extract the signal yield in bins of A by fitting
the mass distribution in each of these regions. From these
measurements, lifetimes are obtained by the Xz minimiza-
tion of the signal yield expected in each A bin according to
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TABLE I. Summary of systematic uncertainties on the mea-
surements of ¢7(AY) and c¢7(BP), and on their ratio. Individual
uncertainties are combined in quadrature to obtain the total
uncertainties.

Source A9 (um) B° (um) Ratio
Mass model 22 6.4 0.008
Proper decay length model 7.8 37 0.024
Proper decay length uncertainty 2.5 8.9 0.020
Partially reconstructed » hadrons 2.7 1.3 0.008
BY— J/¢K) — 0.4 0.001
Alignment 54 5.4 0.002
Total 10.4 12.9 0.033

the first term in Eq. (1). While this method is statistically
inferior with respect to the maximum likelihood fit, it is
also less dependent on the modeling of the different back-
ground components. The results of this study are CTpo =

391.4 = 35.8(stat) wm and c7g = 458.3 * 8.9(stat) wm.
The sample is also split into different data taking periods, n
regions, and numbers of hits in the SMT detector. All
results obtained with these variations are consistent with
our measurement. In order to check that the optimization
procedure does not give a potential bias to the selection, we
verify that our results remain stable when all requirements
in variables used in the optimization process are removed
one at a time, when looser and tighter requirements are
applied to kinematic variables, and when multiple candi-
dates that pass all selection requirements per event are
allowed. The results also remain stable after removing
the high-end tail (above 100 wm) of the ¢ distribution,
mainly populated by background events. We also cross-
check the fitting procedure and selection criteria by mea-
suring the Ag and B lifetimes in MC events. The lifetimes
obtained are consistent with the input values.

In summary, using the full data sample collected by the
DO experiment, we measure the lifetime of the A) baryon
in the J/ A final state to be

PHYSICAL REVIEW D 85, 112003 (2012)
’T(Ag) = 1.303 * 0.075(stat) = 0.035(syst) ps, 2)

consistent with the world average, 1.425 * 0.032 ps [4].
The method to measure the Ag lifetime is also used for
B® — J/ ¢ K decays, for which we obtain

7(B%) = 1.508 = 0.025(stat) = 0.043(syst) ps, (3)

in good agreement with the world average, 1.519 =
0.007 ps [4].

Using these measurements we calculate the ratio of
lifetimes,

7(A))

B") = 0.864 * 0.052(stat) £ 0.033(syst),  (4)

where the systematic uncertainty is determined from the
differences between the lifetime ratio obtained for each
systematic variation and the ratio of the nominal measure-
ments, and combining theses differences in quadrature, as
shown in Table I. Our result, 0.86 = 0.06, is in good
agreement with the HQE prediction of 0.88 = 0.05 [5]
and compatible with the current world average, 1.00 =
0.06 [4], but differs with the latest measurement of the
CDF Collaboration, 1.02 = 0.03 [3], at the 2.2 standard
deviations level. Our measurements supersede the previous
DO results of 7(AY), 7(B°), and 7(A))/7(B°) [7].
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